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ABSTRACT

';This report describes some of the issues involved in using steppedf
froquency radar pulse trains to obtain high resolution target range
'profilesL Radar returns from.stepped-ftequency pulse trains may ne pro-v
cessed either coherently or noncoherently. Coherent processing consists of
taking the Fourier transform of the N coherentl; ~detected (complex) pulse
returns frbm each range cell, where N is the number of'pulses in the train.
The outpu® of the transform 1s the high reeolution range'profile of the
scatterers ﬁithin thet range cell (1.e., within the span of a single pulse
widrh).. Noncoherent processing consists nf taking the Fourier transform of
the squared-magnitudes of th: pulse returns from a givea range cell and |
vields the auto-correlation function of this range'profile. In either
case,‘tne resulting ranée resolution (of both the profile and 1te‘zuto-
correlation functinn) is determined by the total bandwidth (i.e., the fre-
quency spread) of the pulse train.

The srability requirements of the variable frequency:aource used to
generace th2 stepped frequencies of the.pulse train are decernined for both |
the coherent and noncoherent processing cases.(’ln both caees, when the
: Fourier transform process ia 1mp1emented using a DFT, a basic requirement
is that the frequency spacing of the pulses in the train be uniform.
However, the frequency stability tolerance requirad fot coherent processing
is found to be two to three orders~of-magnitude more stringent than ia the
noncoherent case. Tne'effect of radar platform and/or target motion on the

measured range profiles and range profile aur04cotrelatibn functions 1s also

114




Aetermined. In generai, noncoherent processing is found to be much more
robust than coherent processing with respect to ihebeffeccs of such target
and/or radar platfora motion.

Finall& the target-clutter contrast provided by the resulting range
profiles and range profile auto-correlation functions is determined. The‘
target-to-clutter contrast provided by the range profile auto—correiation'
function is found to be significantly poorer than that of the éorresponding

'

high-tesblution range profile.
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1.0 INTRODUCTION

It 1is well known that the range resolution of a radar is iaversely
proportional to the bandwidth of the signal waveform. A wide bandwidth
signal waveform may be realized either in the form of a single short CW
pulse, a single swept-frequency "chirp” pulse; or a train of pulses, each
of which is transmitted at a different.fréquency. However in most prac-— .
tical radar applications'involving waveform bandwidths in excess of ZO'MHz?
only the latter t.Jo of fhe' above three approaches are generally used
because of the limited energy that can be transmitted in a very short CW
pulse. |

The frequency-diverse pulse train may be considered as a ' sequence of

samples of a hypothetical, single'swept-frequency pu.se, the time duration

and frequency spread'of which are equal to those of the pulse train. One
advantage of ﬁsing a stepped-frequency pulse train as a high-resolution
radar waveform; in lieu of a single swapf-frequency pulse having the same
bandwidth, is that with the pulse-train, the 1Qstantaneo§s bandwidth of the
radar receiver éomponents‘(i.e., nixers, iP anplifier, etc.) necd.bniy be
as great as that of a gingle pﬁlse, rather than as large as the frequency
spread over the eﬁtiré pulsé train, . In addition,‘cbherent ftquéncy~

synthesizers for generating étépped—frequgncy pulse trains are generally

more robust and 1e53'expensive.to implement than ﬁltra-linear wide~b§nd

chirp waveforms having the same time-bandwidth product. This issue is par=
ti'cu'latly germane to the imp,lementaéion of wideband waveforms in missile
seeker radars.

Coherent processing of the returns from a steppad-~frequency pulse train

" is similar to digital pulse compression of the aanbles of a hypothetical

1
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contiﬁuous‘chirp waveform because of the discrete nature of both processes,
an& the associated samgliné considerations. Aé in the case of normal pulse
éompression, it yiglds a high resolution range profile of tye scetfeters
contained within the range span.of a single pulsewidth.

en a high-bandwidth waveform is implemented in the form of a
single linearly swept-frequency chirp pulse, the phase at every point in
the pulse is a known, continuous quadratic function of tine. A reasonable
questicn is whether or not the phases of the individual pulses ;n a
f requency-diverse puise train also'needvto be related in such a known way
in order to obtain the.ﬁigh resolution range :rofile, or whether it suf-
f;cgs for the radar tb,be coherent only at each individual frequency of the

pulse trailn, independeatly? The importance of this issue lies in the fact

that if the :atter condition of independe~t coherence at each individual

frequency in the pulse train suffices, then 1’ is possible to generate the
M frequencies required merely by using N different, stable, but indepen-
dent, frequency sources such as crystal oscillators, Such ‘ar arrangement

providesvthe requirel echerency only at each of the N frequencize indivi-

" dually, since t:e phase rélationshipo between each 6£ the N different

atdble.trequency ‘sources vill Ye coupleiely arbitrary.

1.1 Coherent Proc'etlnsfoverview

It 1- shown herein that such a: arrangement is pcr-itniblc with tagatd
':o coherent pro:essing ot the pulse returnl.. Known phaoc rela:ionlhipo

. ‘between the different pulses in a o.epped-frequcncy pullc train do not

appear to be tequired ‘in order to obtain a htgh recolution range proﬁile.

If this were not true, then tho different frequencies of the pulses in the




train would all have to be genérated ffom a common éoherent source such as
. a coherent frequency-synthesizer. However, as will be_discus;ed 3ub$equent1y,
it is often mcre convenient, for other reasons, to use a éoheten: frequency
synthesizer, rather than N independent crystal oscillators,.to geaerate the
N different frequencles of the pulse train. 'Ihgrefoie,‘as a practical
matter, the fact that N indeperndent crystgl oscillators.coﬁld Be hsed is
gtimatiiy of academic interest. . |

The fact that high range resolution can be obtained by coherently ﬁro?
cescing the returns from a frequency-stepped pulse ttain,;without'requiring
that the diffe;en: frequencies in the pulsé train be geng;ated by a
coherent transmitter, appears to have been first descr15§d in 1868, in the
paper “High Rénge'Resolution by Means of Pulse-Pulse,Ftééuency Sﬁifting";
Ref. [1]. In that paper it was pointed oﬁt thﬁt the qn;y requirement for
generating a high-resolution range profilg,-using'a freéueucy-stepped pulae '
train, is that the radar have a cohecent-on-receive cap#ﬁ;lity; in prin-
ciple, the frequency-diverse “ransmitted pulses can be géherated uging a
non-coherent source such 2s a vnriablc‘fteqhencf ﬁagﬁetron;‘

However, coherent processing of the returns from a steﬁped‘freqdency
pulsg tfain doet.require compensation of any non-lineir’d;ffe;ential phase
shifts ({.e. at zéro,range)"befween thg aifferent ;trtiet £:e§uenc1e§ that
aay occur ‘in thcnfront end of the radar due to component bandwidth limita-
~tions.‘ la addition, any tnrge:-dopﬁlcr induced phl’.zlhtftl in the pulse
‘returns must slso be compensated for. | | -

In the case of coherent processing it is shown th;c the DFT is a
nntched filter for the returns ttoﬁ a frequency-diverse pu;ni train, und§r

the following conditione.




1.

2.

3.

4.,

Each of the pulse returns is coherently detected by using the

. transmitted carrier for a glven pulse as the coherent reference for

that pulse. Thus, a different cohefen; reference is used for each
pulse in the train.

The spacing between the different frequencies at which the_pulses in
the train are transmitted is uniform.

There 1s no relative radial motion between the target and the radar
during the trad;mission of the pulse train.

There are no non-linear differential phase shifts thfough the radar

gystem between the different carrier frequencies,.

Performing a DFT on the N ftequéncy diverse pulse returns from each

‘range c2ll (s similar to digital pulse compression.

Because of the fact that the DFT is a matched filter for the returns

from the pulse train only in the case of zero radial velocity, the effeci

of non-zero radial velocity is also investigated. Two effects of .

uncoﬂpensated non-zero radial velocity on the iesulting high resolution

range pfofile are noted. The first is the well-kqbwﬂ ranga-doppler

coupling effect that causes the tltget" range-profile to be shifted in

range by an amount proportioual to the product of the relative radial velc~

city and the radar carrier frequency. The second effect is in‘nteehuntton

and dispersion of the high resolution fnngarprofgle»producad at the output

of the DFT dus to the filter mismatch between the DFT and the dopplere’

- shifted pulse returns. This can be considerably more serious than the

range shifting of the profile bacause the resulting dispersion degrudeo the




desired resolgtion. Tﬁgse'gfféctsiare gshown to be a functiou.gf the dimen-
sionless parameter, ?; that‘is'equal to the ratio of thé relétivelradial
motion, NVT, éf ths caréetbduting the transmission of the pulse train,

ﬁo the ideal value of rangé fésolntion provided by the.pulse train band—‘
width, NAL, Thus;P:-:NVT/Ar, where V is the radial velocity, T is

the pulse repetition interva; and Ar i3 the range resolution cqrreaponding
V to‘the pulge train bandwidth NAf. Serious degtadgtion in résdlution

of the rangebprof;le-ig shown to occur when P>3.A These effects caﬁ, of
course,lbe elimiﬁéted by measuring the relative radial velécity‘of thg
target and applyipg motion-compensation phase cortections.to-the individual
comblex pulse tetgfns. The most practical method of mlniﬁizing P, for a -
'giveﬁ radial velocity and waveform bandwidth, short of:applying pulse-pulse
moution compensatigﬁ, appears to be to reduce the duration ;f the puise train
by incre;ging the pff. |

1.2 Noncoherent Processing Overview

If the individual frequency Qources used to genétatekthe N frequencies
of the pulse train-are not all phase stable znd/or the radar does not.have
a coheteht-on~rece1Vg_éépability, 1t'w111 nbt be pos;ible to generate the
high resolution riﬁge profile of the scatterers enco-passedvin the width of -
'g single‘pulsé. Such might bg the case.‘for_egauplé;“if the N frequenciés
' were gener;ced uaiﬁg a dtgi;aliy;con:rdlléd vCco (voltage-conifqlled'
. oscillator). ‘Howev;r. in‘this event>1t 18 atill possible to pbtain the
auto-correlation of the high resolution range pio£11e5by noncoherently pro;
céssing the résulting frgqugncy-diverse pulse returns. Knowledge ofﬁq
radar target's tange-ﬁroftle‘auto-cortelatiqn fnnction is sometimes ﬁéeful

in estimating the range extent of that target.

vs"
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Wheceas coherent processing consists of computing the Fourier trans-
form of the complex pulse returns (phase and amplitude, or in-phase and
quadrature voltages), noncoherent processing consists of computiﬁg the.
Fourier.transforu of  the received power (or volfage'auplifude squared) of
tﬁé frequenci-diverae pulse returns. The ;efm "nonc;hérent processing”
derives frum the fact that coherent detection of the pulse returns is not |
required in this case - eanvelope detection suffices to measure the teceived
power of the returns. However, the teQuiied computgtional effort is nearly
the same in both cases.

'Although only the auto-correlation of :ﬁe high-resolution range pro-
file, rather than the range profile iteelf, can be obtained in this way,
noncoherent processing does have the advantage that it is not affected by
either non-linear diﬁferential phase shifts over. the frequency span of the
pulse train, or by target motion. negce,.notion conﬁengation is not
requited,'and the process is therefore somewhat more robust tﬁan coherent
processing. |

1.3. COusiderations Affectiqg,ﬂunbet ‘of Frequencies Required (Nunbet
"of Pulses) and Frequency Spacing

When the Fourier transfotn is 1nplenented in terus of a DFT,

1up11c1t requireuent 1: ‘that the frequency npacing be:ween the N frequan-

cies of the pulsgs in the train be uniform. This tqqotrenant sppltel
regardlen- of vhethcr coherenc'or noncohere;t'procsasing is u:ed, and 1s
nost easily net bvy uung a coheren: frequency aynthesizer as thc variable
frequency source. | |

Because the frequency~diverse pulses are effectively frequency samples

of a continuous, frequency-swept waveform, the. limitations of the Nyquist




'computed high resolution range profiles, or range profile auto-correlations,

.do not become a problem. It is shown that the maximum frequency spacing

.the constraint on frequency spacing described above, the miaimmm number of

~ As a result, frequency| diverse pulse tfains used to obtain high range reso-

18 best met by use of p digitally-controlled coherent frequency synthe-

sampling tneorem apply. Since the sampling is performed in frequency
rather than n time, the frequency spacing between the different pulses 1in

the train must be fine enough so that ambiguities due to aliasing of the

between pulses.in the train should be no gqreater than 6ne4half the single-
pulse baﬁdwidth (i.e. one-half the reciprocal of the pulse width). This
limit appliep‘to both coherent. and npncoherent processing of the féturns;
however for somewhat different reasons in each case. In the former case it
is required to avoid ambiguities in the 1ntetpret£tion of the resulting
range profile; in the latter, to prevent ;liaaing of the co;resﬁonding range
profile auto-correlation function. The number qf different frequencies
required (or equivalently, thé number of pulses in tﬁe trai:) is determined
by the ratio of the pulse train bandwidth (the reciprocal of tﬁe.desired

resolution) divided by the frequeﬁc& spacing between pulses. Because of

f requencies required is equai to twice the time~bandwidth product obtained

by multiplying the puﬂse Eréin bandwidth by the'width of a single pulse.

lution are usually at least 32 pulses long, and use a frequency separation
between puises no more than one half the single pulse bandwidth.
In either case, the combination of the requirements for a-télatively

large number of frequencies and for‘unifotu ftequéncy spacing between them

gizer, Suéh a device also provides the phase otability at each frequency




that is required for coherent processing. Precise un’formity of the

spacing between adjacent frequencies is often difficult to achieve even

with a coherent frequency synthesizer - particularly one having a fast

- gwitching time. Conseqﬁently, the effect of non?uhiformitigs in frequency

" spacing on processing'are determined.

In theory, coherent pfoces#iﬁg to obtain the taqgé profile appears to
be no more complicated thaﬁ 1ncoherent ptocessing to obtain the range pro- ..
file auto—-correlation. However in practice, the successful implementation
of coherent procassing requires both accurate calibration and coupensation
of differential phase shifts through the system at the different carrier
f requencies, extremely tight bounds on the uniforuiti of the frequency sﬁacing
between adjacent pulses¥1ﬁ the train, ac'well as measurement and compen- '
sation of any target dppﬁlet velocity. although the latter effect can often
be neglected if the targét doppler veLocitig; are sufficiently low. On thg
other hand, noncoherent §roceesing is not affected by either dtfferential
phase shifts or relative target motion and the bounds on the allawable fre-

quency errors are about 1000 times larger than for coherent processing.

. However, it yields only the range profile auto-correlation function rather
than the range profile itself. Therefore, there is a tra¢e-off'between

- these two techniques, In effect, the idditional coéta-pgid for obtaining

the range profile;tathef than 1ta'aut5correlation function, are accurate

calibration and compenoation of phaoe lhlfts that result from eicher

f requency-dependeut delayl in the radar uyaten and/or’ target motion, and

tighter bounds on the ailowable non~uniformity in the opacing of the fre=-

quencies output bj the frequéncy syntheéizet.




l.4. Organization of Report

A mathematical model nf the returns received from a dist:ibuﬁed tgpgetf
as a function of frequency, and ﬁhe processing of those'teturﬁsffo obtain
either the target's high-resolution range profile, or the auto-correlation
of that profile, is presented in chapter 2. An expression for the complex
voltage returned from a distributed target as a function‘of transmittér
frequency, range, pulse sﬁape aad the target's tange‘acatteriﬁg profile ig
.derived in Sectica 2.1. Using that expression, the generation of the -
targetfs high resolution range profile obtaingd by coherently processing
the frequency diverse pulse returns from the range ceil qontaining that
target, is8 described in Section 2.2. Séction 2.2.1 deﬁcribes how‘thérb
required processing of the éoherently detected returns is implemented using |
a DFT. Section 2;2.1.1 describes the problem of ambiguous "wrap—around”

of the resulting high resolution range profiie and how ;his can be avoided
| by iimiting the Qalué of the inter-pulse freguency‘spacing, Af to a Qﬁiue
less than one-half the single-pulse band&idth, and by p;opérly choosing the
timing of the A/D sampling sctobes: The effects of non; unifbrm~frequehcy
spacing on coherent pfocessihg ate‘desctibed 1? Section 2;241.2. The bouﬁd
on the-allowable deviation in frequency fron.unifotn'apacing i8 shown to be
inversely proportional to the radar éti. Section 2.2.2 describes gohe:ent
processing of the s:eppedéfrequgnéy pulse returns from a matched filtering
_ point of viq;, as weillas the differénges between this procgai.and the abpii-
cation of DPT's in the compression of convantional Iiﬁgar FH §u1se§. The
effects of non-zero relativé radial vélocicy between the radar and'the
target on tﬁe resulting high regolutioh range ptofile arerdeectibed in

Section 2.2.3. .




———

—»

Section 2.3 gives a similar description of how the stepped-frequency

- pulse returns may be'noncoherently processed to obtain the auto-correlation

- funccion of this high-resolution range profile. It is shown that com-

putation of the resulting range profile autocorrelation function is not

affected either by target velocity or by non-linear differential phase

- shifts throdgh the system, and that the bounds on the allowable non-

uniformity in frequency spacing 6f the pdlses in the train are two or three
ordefs of.magnitude greater ;han in the case of coherent processing.
Chapter 3 describes the effect of éohefent and noncohefent processing

of frequency-diverse pulse returns on the amplitude contrast between the
target and ciﬁtter responses in the resultiﬁg high‘resolution profiles.
This is an important issue because the detectability of target; in clutter
18 based upoa the amplitude contrast between the return from a target and
that from th; surrounding clutter.

~ In the unresolveu case, the principal measure of this contrast is the
ratio nf the power tetu;n from a target plus the clutter within a singie '
resolution cell, to t?gt from clﬁﬁtet only within the sate size resolution
céll. This ratio is simply (T+C)/C and is usually expressed in dB.
" In the remolved case, this contrast 1p'defihed as the amﬁlitude ratio,
in dB, of the target ;ésbcnée to that of the mean clutter background in the
high tésolﬁtion ﬁrofile that is obtained by coherent or noncoherent pro-
cessing of the frequency~diverse pulae.teturpt, " The difféteﬁée'between_the
é;rget-clhtter'cogcraatAin thevhigh resolution profiles obtained ;fter pro-

cessing, and the original unresolved co@traa: (T+C)/C, is defined as the

. contrast enhancement ratio, B.

10




Since target contrast generally depends upon, resolution, it is not
surprising to find that E is primérily a function of the resciution improve~
ment factor, I, which 1is defined as the‘ratio of the original single pulse
range resolutjon to that.of the resulting higﬁ resolution profile. DMNote
that I is also equal to the time-Sandwidth product of the pulse-traia band~-
width and the width of a sinéle pulse.

Section 3.1 descsribes the effect of coherent processing on target
contrast. ‘Since (T+C)/C is a general measure of target cédtrast.-and the
cluttef return C is linearly proportional to the area of £he resolution
’cell, decreasing the size of the resolutibn cell incteaseé.the contrast
bgtween targer and clutter returns. Consequently for coherent pt;cessing,

~the contrast enhancement factor for the high-resolution range profile
increases in prbportion to the improvemédt in resolution until the'resolu-
tion becomes fine enough to start separating (i.e.. resolving) the indivi-
dueal scattervers of the target.v'Ax that point, E continues to increasse with
‘I but at a somewhat lower rate. Asymptotically, E = I/M, wherr M is the
number of resolved target scatterers in the high resolution profile.

,?ﬁe effect of noncoherent processing on the contrast between the

carget responses and the clutter background of the resulting range profile

aito-correlation function.is described in Section 3.2. It is seen' that,
coatrary to coherent procesding; the target-to-clutter coantrast in the
resulting range profile auto-correlation function 1s often less than the
original unresolved target coﬁtrast (T#C)/C. Thus, the coutfaat_enhan*
cement facﬁor for noncoherent processing 1is then less than unity (or nega-

tive in dB). 'Nevettheless, E does increase with 1uc:easing,resolution, but




contrast enhaacement ratio E is also a function of the unresolved target-

at a ruach slower rate than for coherent processing, and in a fairly compli-

cated way. In this case, in addition to being a function of I and M, the

to-clutter catic, T/C.

Finally, some computer simulations of actual high-resolution range
profiles and range profile eutocorrelation functions that are obtained
using stepped-frequency pulse trains, are presentad in Chnpter 4. The pur=
pose cf these simulations is to illuetrate some of the more impottanf
attributes of these profiles that were theoretically predicted in Chapters
2 and 3. Specifically, these simulation results illuatra:e the effenrt of
resolution improvement on target contrast enhancement and the effect of
uncompensated radial velocity on the regulting high resolution range-
profiles and range-profile autocorrelation functions.

Simulated high resolution range-prcfiles and range-profile-
autocorrelation'functions are generated for the following cases:

1. Clutter only |

2. A stationary two—point-scattcrer target in clutter at va;iooe

carget-to-clotter cetios

3. 'A stationary three-point-scattetef target in clnt:er :

b A atationary two*ooint-acacterer tatgec in clu:tet, observed by»a‘

- moving radar |
S. A tﬁowointcecatte:et :a'réet moving ehrough.elutter and 'ommd

. by a stationary radar.

12




Since the clutter model is random, the simazlation is Monte-Carlo &and
the resulting high resolution profiles are themselves random functions.
Hence the simulation results are presented in terms of the mean and the -

mean-plus—-three~times the standard deviation of the high resolution range

~ profile and range brofile autocorrelation functions. In all cases, the

tesnlts of these simulations,confirm the profile attributes that are
theoretically predicted in Chapters 2 and 3. |

. The simulation results clearly illustrate tne superior target contrast.
enhancement provised by coherent processing relative to that provided by
noncoherent prscassing. Specifically, in the case pf'cohersnt procsssing,
the tsrgetvcon:t&st with respect to the clutter in the high resolution
range profile 1s ‘seen to lndresse in direct proportior to the improvenent
in resolution (1.e, pulse train bandvidth). However, in the case of nonco-
herent processing, the target-ciutter coantrast in the resulting range pro—
file auto-cortelation function iz not only significsntly less than in the

~

case - cohereat processing. but also increases only in proportion to the

square-root of the resolution improvement ratio.

Despite the lower contcast enhancement sttsined using non-coherent
processing, the moving tsrget/moving radar sinulations illustrate the
relative tobustness of the resulting tange—ptofile suto-correlation function
with respect to uncompensated noa-zero radial velocit Zes or other sources

of-phase error.




2.0 ANALYSIS

- 2.1 Overview of Analysié

In this chapter, a'mathematical model of the radar pulse returns
received from a distributed target is derived a§ a funcﬁipn of radar fre-
quency, sampling time, pulse shape; and the target's com#lex rangé scattering

'profile. The distributed»target is assumed_to‘be unresoived - i.,e., the
range extent of target's rangé scattering profile 1s asgumed to be less
than the radar bulse width, Tﬁis model 16 then used tc develop the pro-
cessing required to c¢btain éhe iatget's high tesélution range~-profile and
raﬁgé-profile auto-correlation. function from the rad#t returns received in

. response to transmission of a ftequency-agile pulse train.

The approach taken in this analysis is perhaps unconventional in that
it emphasizes the basis physics of the processes involved rather than
abstract mathematical concepts. The approach 1s as follows. An expression
is derived fbr the cowplex return from a radar target as a function of
range, carrier frequency and A/D sampling time. When the t?ansmi:ced pulse

_carrier isvused'as fhe cohegedt refetence'signal, the‘phasé of'tﬁe»detected '
radar return from the target 15 equal to the’prodﬁct of that carrier fre=
quency and thelrouﬁd trip'delaé time cotresﬁonding to :hejtargeﬁ ;ange;‘
fhe A/D gampling time at which the complex-tatge:'return-is measuted pr1p* ‘

: cipally affects only the amouht.of attenuation of the measured target
return by the shape of ‘the rpdat pulse. Howeve:. as will be shown in
Section 2.2.1.1, in the case of cohetent ptocessing, the tining of the A/D
sampling strobes must be synchronized to the fundamental frequa;7y source

(1.e., syhthesizer) used to generate the stepped carrier frequencies




of the pulse trsir, in order to avbid aliasing of the high resolutior range
profiles.

The resulting expressiou for the complex return from & distribute@

'carget as a function of frequency is then shown to be the Fourier transform

of ~he target range prbfile, weighted by the pulse shape. Consequently,

the discrete Fourier transform of the rauée profile is obtained by
measuring the complex return from the target at a ovaber of different fre-
quencies. Therefore the desired range p?ofile can, ir theory, be
reconstructed by faking the inverse transform of the set of complex returns
measured at these differert frequencies. When using a fragqrency agile pulse
train, these measurements of the complex targe:'ze?urns are made at a
'finice number of discrete frequencies equal to the oumber of pﬁlses in the"
train. Therefore, as a practical matter, the required inverse transform is
tmplemented.using the DFT. Indeed, it is shown th#c in the ;ase of zero

target radial velocity, DFT is the matched filter for this pulse train.,

~2.1.1 Derivatior of Complex Returns from an Arbitrary
Distributed Target

Let the output of a variable frequency source in the excit>r of a
radar, for frequency fy be given by:
Cue) = I (BEKE Ok Hle)) (2-1)
‘where 3y is an arbitrary constant phas; angle and ji’ :) reptesents the 1
phase drift of the oscillator with respect to the conatant frequency fy, a.

a function of time.blthe‘ttme origin'corresponds to zero range - the time

of transmissioe of a pulse,
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.Let the same frequency source also serve as the receiver local oscillater
signal for the return signal received frcm a target in response to the trans-

mission of u(t). Hence, this L.0. reference signal msy also be~writtgn as:

£(t) = ej(wakt + 0y + yx(t)) (2-2)

dyy (e
dt

the Iime interval, t, between the :ine of transuission of the pulse and the

Note that

reception of the return signal fron\the target. By definition $k(0) = O

dy1 (0)
dt

crystal oscillator yg(t) ~ 0 for all t. The signal refiected from a point

and = 0. In zhe case of a stable frequency source, such as a

target is ﬁhe original transmitted signal. u(t), delayed by the ro..nd trip '
time, x, and modulated by the targets complex reflection coefficinnt.

y(t) = A u(t—x)ed?t (2-3a)

_where At and ¢ are the amplitude and phase, reapectivaly. of the target's

conplex reflection coefficien' and where x is the tound-trip time to the

point target. x is related to the range r© by.

x = 2> | N (2-3b)

Af:er mixing with the L.O. and reference signals the tucéiqu lignalfffon

thc target becomes:

v(t) = Ate”‘ u(ex)re(e) = Ace” I tex - oe *k“‘*’ + *k“” - (2-8)

Note that the arbitx"ary phuo, angle 8 of the transaitted oign_al’ does not
affect the output of the mixecr since the same ftequanéy'-éurce io used to
generate both the transmitted signal and locilVOlcillaCOr'rnference.

However, éhn signal v(t) in eqn (2-4) is affected by the phape:dfift @(:)

16

tepresents the frequency-drift of che local osciila:oriover :




of the exciter away from the fixed‘frequency fx, as in&icated by the
difference term: yp(t) - yp(t-x).

The above analysis represents éhe complex return signal received from
a point target, at raage r, at the output of the receiver uixet; When the
trapsmitted signal is a finite duration ﬁulse, the effect of the pulse
shape on the received signal 1s'tllustta£ed in Pig..z-l. The amplitude of

the received returr is attenuated by the pulse shape by an amount S(tg-x,),

where S is the pulse shape function, tq is the A/D sampling time, and x, is

the range delay to the point target.
Now consider the return from a distributed target, in tespdnse to a
finite duration pulse, as f1lustrated in Fig. 2-2. The dimensions of both

the target range profile and the pulse shape are given in units of .ine.

In the sequel, the designatior E(t) will be used to represent ithe complex

received 3ignal before mixing with the L.0. and coherent reference signals,
while V(t) will represent Ehc cozplex received signal after mixing (i.e.

the output of the coberent detector). As can be seen from Fig. 2—2; a

. sauple of the received signal (before nixing with the L.O. reference) st

sample time t, due to a differential scattering elenznc p(x)dx locatad at

range delay (i.e. round trip time), x, is thuc;

dE(f,t) = p<k)i<'=-x>.5‘z' fele=x) +vilt=x) +0k)yy (o)

In eqn (2—5). p(x) reptesento chc complex lcac:ering profile of the target,

s(x) represents the real pulse shape. and ej(z'fk(t-') * yle=) + %)

-epreuenta the phase of thc return frow the sca:tertng elemant p(x)dx. As

befora, 9y 18 an arbitrary phase angle. 'Concequcntly. the received voltage
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RANGE MAGNITUDE PROFILE OF DISTRIBUTED TARGET
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Fig. 2-2 Formulation of the romplex return frou a distributed target as

the convolution of the target's complex range scattering profile and the
radar pulse shape. :
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: ;fk +a—l = since

at sample timé, t, due‘ to a distributed target, p(x), is the coherent sum
of all of the differert scattering elements irn the target, and is repre-

sented by the following convolution integral:

oo
E(fy,t) = f o (x)s(t—x) I (TE(E=X) +yp(t=x) + )y, (5.4

-

Hence, for a giver scattering profile, p(x), the received voltage E(f,t)

depends not only upon the pulse shape s(*) and on the time of the sampling

instant, c, but also upon the frequency of the transmitted puise, fy. This

frequercy 1is the ftequency of the transmitted signal at the time of pulse

transmssion; t=0, and 1n accordance with eqn (2-1) is equal to

dyg dhx : .
It T = 0, by defi'nition.

t=0 t=0

Now sugpoée that E(fy,x) 1s to be detemine'd for a number of discrete
fvtequencie., fx. Jf these frequercies are gererated independently of each
other, then the arbitrary 1n1t1a1 phase angle. 6k, will also be unique for

each Erequency. Thus the complex pulse return at frequency fx is

S - |
E(fy,t) = el (2EkE *-9\0/' b (x)8(t—x)e ?(z“fk‘ - “'k“"‘”dx (2-6a)"

-

Eqn {2-6a) can be further simplified because w(:-x) ~ 0. An explanati'on of

why this is so follows: let the'nouﬁnal width of the pulse, whose ahipe is

defiped by s(x) be t. Then for all ptnctical purposes, a(t-x) = 0 for
I :-x| > 2r. Furthermore, since by definicion $(0) = 0 md w(O) ] 0. it
also follows that y(t~x) » 0 when | tixl € 2t, Hence, the above my be

approximated. as follows:

20




t+2t
E(fk.t) = j(hfkt * 0w f p(x)s(t=x)e ~3(2rfix) g - (2-6b)
t=2t

or equivalently since s(c-k) =0 forl t-ﬂ >2t:.

' - o ,
E(fk';:) . (it +0y) fp(x)s(:-x)e'“z"fk"’dx (2-6¢)

Then after mixing this signal with the L.O. reference signal of eqn (2-2) to
base~band complex video, the.conplex vpl(:age at the output of the detector’.

becomes:
V(fk ¢) = S¥k(®) f p(x)s(:-x)'“"fk" dx (2-7)

Note that the mixing operation rcumoves the frequency fy and the
correspondiﬁg initial phase angle 8y, but introduces the phase change.wk(t)
corresponding to the frequency drift of the L. 0. during the rbgnd-trip

signal delay, t.

. Boed : .
Now define: A fy,t) = . f p(x)s(t-x)e ijka  (2-8)
Thus eqon (2-7) mﬁy be wrir.ten as:‘ V(fk £) = e.“k“)q(fk r.) ' (2~8a)

Eqn (2—8) my be lntetpmted as the definition of the following Fourier
transform pait.

Qf,t) <-?-> q(x,t)

1]

p(x)s(t-x) - (2~9)
where the clme-domain variable is x, and ¢t il s parm:or representing che
sanpling' time 1nst:ant. 'l'he function q(x.c) repreaenta the aca..tering pro-

file of the :atgec, weight.ed by the pulse shape, s(x).

1
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2.2 Coherent Processing
! Because of the associati-m defined by (2—9) it follows that q(x,t) can
be computed by inverse transformation of Q(f,t). Thus, v
N ' 4 CL
'-.i q(x,t) = f o, eed M Exqs , (2-10)
. ~ .

or substituting from the definitions in (2-8a) and (2-9):

o0
5 (x)8(t=x) = f e.“"f'”v(f,:)ejz"f"af‘ | (2~10a)

where the phase drift function yy(t) has been written as y(f,t) since the

phase drift will geperally also depend upon the transmittei frequency, f.

;
BT X S I

_Recall from the definitiou In egn (2-7) that V(f,t) is the complex output
voltage of the coherent detector in response to a pulse transmitted at fre-

quency f. The quantity yp(£,t) represents the combination of the phase

drift of the master oscillator between the time at which the pulse was
transmitted at frequency £, and the time, t, at which a return from the

target was recetved in response to t;haﬁ pulse, and any non-linear differen~

% ‘ tial phage delay through the ‘transnitcer and wicrowave conpone_uta as'a

- function of carrier frequency. The latter diffcx;ential phase delays are

i ~only & function of frequency and"au independéat of :ine,', and can be ivépre-

) . ;ented by y(£,0) = yo(f) ¢ o. For the present, the range to the tafget is
assumed to remain éo;:aCant. The effect of relative target motion on

; . cohe;ent" processing will he‘emiued 'lubcaquantly. ia S&:t;on 2.2.3.

) . Actuai}j, when paing a frequency«divene pulase train, the measuremengs
~of V(£,t) are not made over a continuum of frequencies, but rather at a set
; on .dls-i:rcta 'ftequ‘encie'a, fx. Hence the continuous transform in (2~10a) 1s
g sctually apptbxin;c?d 1n’ diucrqce' form, +s follows: .
¢ TR
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N1 . | |
p(x)s(t—x) = q(x,t) = Z e?Wk(t) ‘I(fk,t:)ejz"ka Af (2-11)

wﬁere (L) = .\p(fk,t)”
The summatiou process defined by eqn. (2-11) effectively constitutes a specialq
case of di.gital sulse compression. V(fy,t) is the eonglet voltage measured
at the output of the.coherent detector at eecb frequency fk,' k =0 ,e0eN=1.
These maaurements met be corrected for the phue drift, wk(t). of the
" local oscillator during the round-trip time, t, to the Carget, relative to
the phase of a hypothetical constant_ frequency eignal of frequency fy at
which the‘given pulse was transmitted. If the_eource of each of the N fre-
quencies, fy, k = l....N are sf.able, and there are no ron-lipear dif€eren-
~ tial phase delays as a function of frequency, then vk(r.) = 0 for all k and
t.and no cotreccions to the measured complex return V(fk,\‘:) are reyuired.,
However if the frequency soerces are pot stable, or the aysten does not
have a linear pl‘\ase' re'eponse as a function of frequency, then coherent pro=-
cessing (eqn. 11) to obtain the range . profile q(x,t) = p(x)s(t-x) is only
possible if the N phase drift functions yy(t) are known a priori as a func-‘

tion. of time/range for each of the N frequencies fk. Such fnnctionq could

" be stored in tabuia: fofn or appro‘ximr.ed by a hlwl. Unfotcu'na:ely.
these functions will generally be diffeten’t for eech ef the N frequencies,
' A measure of oscillator sr.abuicy is the maximum value of wk(c) over

the expected span of urget ranges: r = ¢ -2- . If l (t) 1 < u/4 for all

t < _Z_ r(max), then the correction reptesented by. e‘“"‘(t)

can probably te
neglected, This will usnally be the case fot mt e:yscal cuntrolled fre-

quency sources. ,uowever. 1f this cri,:erior 1- oot uc, coherent processing
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will only be possible 1if yy(t) can be measured ahd-calibrated<as a function
of delay t for each frequency fx, and the'reQuirédAcorrection applied in
eqn (11) as a function of k and t. Otherwise, one éannoc obtain the

targe:'s high;resolution range profile.

2.2.1 DFT Implementation of Coherent --'beée;hitg_
The following éxpression for the high resb]dtion rénge profile of a
target, was derived in the preceding Section (ednﬁ(2-11)) for the case of
no non-i{near'differential phase shifts as a function of fteqﬁency'(i.e.
vi(t) = 0), an& zero radial velocity. . -
-1 ’ :
q(x,t) = 7§ V(fy,t) exp(§2nficx) Af (2=12)
k=0 : :
where: xiis che range to the target in ‘mits of round trip delay
' time ,

t is the time 1nat§nt, relative to pulse transmit time, at
which the returns are sampled

V(fy,t) is the complex signal voltage sample weasured at
time, t, in response to a pulse transmitted at

frequency fy.

’ fk 18 the carrier frequency at which the kth pulse in the
train is transmitted .

q(x, t) is the complex, pulse-shaped weighted, high resolu=~
.tion range profile of the distributed target as a
function of range x. The tesolution of this pro-

file is equal to the reciptocal of the wuvefo:u
bandwidth, NAf B}

N is the number of pulses in the train.

Af 1is the frequency spacing between pulses in Rz
It should be noted that the reference waveform uged for the ¢oherent
‘ detector to ob;ain V(fy,t) at each frequency is the pulsg carrier

transmitted at that fteiuency. Thus s different'rgfereﬁce signal is used
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for each pulse return. Therefofe, the different carrier frequencies used

must each be stable but they do not necessarily have to have known relative

' phase relationships relative to one another.

In order to use a DFT to implement eqn. (2-12), the frequency spacing
between the pulses in the train must be unifcru.
Thus: fx ~fx-1 =Af for all k

. (2-13)
Or: fx =f, +kAf ; k =0,1,0000eN = 1
Also write the range delay X as: x =xq, 4nAx . o (2-14) -
Where x, is an arbitrary constant range to be determined, Ax is the range
resolution corresponding to one DFT bin width, and n is the DFT bin index
n 0,1, e000e 1. | |
Substituting (2-13) and (2-14) into (2-12) gives:
N-1
q(x,t) - exp(j2nf°(xo+nAx)) kZ-O V(fk,t)exp(ijkAf(xohAx)) Af  (2-15)
Choose the arbitrary constant xb'to be the maximum integral multiple of
1/4f that i{s just less than the minimum range to the distributed tatgét
whose profile is to be determined. . _
| T %o -M/Af {Xpin; where M i3 an iateger . ,, (2-16)
Substituting (2-16) into (2-155 gives the follﬁwing tesﬁlt for the

magnitude of .the target's high-resolution range profile.
N-1 ' - o
]q(x,:)] .-| Z V(£y, t)exp(J2ninafax) Afl o . (2=1D)

Note that . the tesolution (bin width) in range delay, Ax, 18 equal .to the

reciprocal of the waveform bandwidth:

" ax =1/(NAD) | R ©(2-18)
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Subgtituting (2-18) into (2~-17) gives the desired result for the

realization cf eqn (2-12) by means of an N-poirt DFT.
| N-1 - | -
| atx,e] = | T WCEy,t)exp(i2nkn/N) af| (2-19)
' k=0

where the tangé delay x 1is dofined by eqn. (2-14) and (2-16), and the DFf bin
width 1is given.by (2-18).. The magnitude of the output in bin n of the DFT is
therefore the amplitude of the individual targe: scatterer(s) located at
range x =x, +nAx, where x, is defined by eqn. (2-16). .Thua the magnitude of
the DFT output represents the range profile of the target over a range

extent of =/2(NAx) = c/(2Af) relative to a starting range cx,/2, with range

resolution cAx/2 = c/(2NAf). ‘
It should be noted that the high resolution range-profile produced at
the output of the DFT extends from raﬁge delay x, to xo + 1/4f, where x, is
defineé by eqn. (2-16), and that these limits are indegendeut of #he acﬁual
time, t, of the pampling i{nstant, provided that x5 < t € (xo + 1/4£). The,
time, c,.df'the sampling i{nstant affects only the degree of attenuation of
the target rqnée.profile by the pulse shape, but hasg no.affect'on the loca~
tion_of‘the profile in the DFT'ouCput. This 1is illuaéra:;d in Fig. 2-3.
Two point scatterers A and B of equal unélitude are [located at rangs delays
x) and xp suéh that x5 < x5 < xg < (xg + 1/Af), as illuétrnted ia Pig. .
' 2-5;.‘ If the aamﬁliné.insﬁant, t, i§4coinc1dént with range delay x (t =
xp) the reaultpnt‘hish tesoiu:iou‘rangé profile will appe;; as shown 1n
Pig._z-sb. HﬁweVet. if the saﬁpliug’tine is dalayéd such that t = x3, the
tequltiég high resolution profile will appear as 1in [Fig. 2-3c. uotevchat
changing the sampling instant from t = Xz to t = xg has only changed the
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. Fig. 2-3 Effect of A/D sampling time on the higi resolution range profile.

" (a) A target consisting of two point-scatterers located wituin the sume singie-
pulse resolution cell, and the component pulse returns from each of the two
scatterers. :

(b) The Figh resolution range profile at the output of the DFT for the target
configuration of Fig. 2-3a when the A/D sampling strobe occurs at range delay x,.
(c) The high resolution range profile at the output of the DFT for the target
configuration of Fig. 2-3a when the A/D sampling strobe occurs at range delay xp.
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apparent amplitudes of the two scatterers A and B in the high resolution
renge profiie, but has left their locations in the profile unchanged.

2.2.1.1> Determination of Frequency Step Size and
A/D Sampling Times

. The choice of frequency step size, Af; and A/D rampling times, t, is
dictated by the need to avoid corruptica of the high resoiution range pro-
file of a single range cell {i.e. one pulse'width) by either aliasing
(folding) of the returns from scatterers within that cell or ftop ecet-
terers located in adjacent range cells. Corruption cf the profile by
aliaeing of the returns from within that cell is ceused by choosing too
large a value of Af.v As pointed out in the preceding section, tye range

‘extent of the profile at the outpue of the.DFT is equal to-1/Af. In order
to avoid folding of the'returns from 3catterers»eithin that single pulse
range cell, the rauge extent of the profile, llAf, mist be made greater
than two times the width of a single pulse, t.e. 1/Af > 2t - so that
returns from scatterers located more than one pulse width away from the’
'sampling time (the center of the pulse) will be so strongly attenuated thet
the amplitudes of their aliased replicas become negligible.’ Thus the eri-
terion on Af required to prevent corruption of the profile by self-aliasing
is Af < llzt.

In additibon, the A/D sampltng time, ty, for the n:h range cell must be
 chosen such that ty « (M + VQ)/Af. in order to prevent corruption of that
eell's high resolution rangehprofile by returna from adjacent range cells.
Note that this choice of ty places ty in the middle of tha range ex:ent Xo
< (%o + 1/Af) coveree by the.oetput of the DFT. Th;e 1qplieoithat the'hln

‘sampling strobes must be synchronized wita tha variable frequency source
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(1.e., coherent frequenéy syntﬁesizer) thatkis ubeﬁ to generate the
carriers for the frequency stepped pulse ttain, and}tﬁat.;he_frequency
" gtep size, Af, must be uniform over the entire puise train. Recall that a
uniform frequency step.size was also a requirement for uéing an DFT <o
generate the high resolution range profiles.

The effect of al;asing cause4 by using toojlaige #Iftequency step size
18 illustrated in Fig. 2~4. Two point scatterers A, B, of equal amplitude
and separated by less than a pulse width are loca;ed 1n_adjacené DfT range
intervals, 1/Af, when Af is chosen to be equal ;b'ﬁhe reciprocal of the .
pulse width, - s§ that the extent 6f each range interval spanned by the
output of the DFT is equal to one pulse width. The range of target B is

 greater than that of target A, as shown in Fig. 2—43 {i.e., xg > xh.

Alttouv;a A and B appear in separate DFT rangﬁviptervals, 1/Af, their actual
physical separation, |xg-xz| 1s less than a puléé_vidth. For the cgéé
illustrated in Fig. 2-4a |xg=xp| = t/2. Now 1f.£he sampling instant, t,
coiucides with the midpoint of the first DFT tangé interval, the resulting
. high resolution profile will aﬁpear as illustfated ih Pig. 2-4b, with'ﬁhe
return ftom.scatteter B ia the ﬁext r#nge intécval #ppedfingikggggg that of
séatteter A. This problem can be avoided by using a amaller value of Af 80
that both scatterers appear in the same range interval as illustrated in
" Pig. 2-4c. Usually a value of Af = lpt will suffice. :
Even 1f Af 15 chosen ag described above,'cu.nnbiguoun range profile
can still result if the sampling qtrcb§ is locatgd ibo fat aﬁay from the
midpoint of the range delay interval 1/Af. This effectvis illustrated in
Fig. 2-5. Again, two point-scatteters A and B are locaced in adjacent range

fntervals as shown. Af is chosen such that the rangc (delay) extent, 1/at,

29




“s

4+ 8 0 BESRR L ' ¢\ & A GWEMS 4 0 b 2P F

f ot s amtr s

= % e % ewmoae v ot & 3 s amm. o

PULSE RETURN FROM
SCATTERER B

A/D SAMPLING STROBE ! PULSE wiOTH T I
\’

AT 1 = xg ¢ 1/(248) .
| o |

1
Xy 1ty Xy Ryt 1/0% xg Ry ¢ 2774y

RANGE DELAY TIME

PULSE RETURN FROM °
SCATTERER A~

—e— PRANGE EXTENT OF __ .
FFT OUTPUT. &x = 1/86 = T

f

AN SAI*PUNG

STROBE' PULSE SHAPES ABOUT x4 and g
: —— _(
\
ALIASED NESPONSE > 4
{b) FROM SCATTERER B / \
-, ' \ ‘ -~ |
L] emmmm—
l' - ".‘A'K . | l
1 1 | 1 1 ]
Y o h oxa MV, g

' RANGE DELAY TIME

A D SAMPLING STROSE

AT 1y zxg 0 1 Q00
\’ PULSE
- \’ .—- —-Q{ SHAPES

- ABOUT xy snd ug

-{c} , .

e

!

| .
(|

L i

L ) na 1y g no v 1700y
RAIGE DELAY TIME
e RANGF EXTENT OF FFT OUTPUT -

" WITH REOUCED FREAUENCY
. SPACING n 21 "My s 27

?ig. 2-4 Alfasting of the high resolution raage profile thot tuuln from uese of
two large a frequency step-sisze.

. (8) Two point-scatterers separated by les. th. - .ue pulse wadeth, bdut locand 0
a8 to etraddle an unssbdiguous renge interval bouadary, sad their corresponding
_component pulse returns, when Af=i/v,

(d) The high resolutiom rsnge profile obtained at the output of the DFT for the
scatterer configuration ot Fig. 2~és, showing the asliesed respouse of scatterer
B at :‘ ‘“gg~t. Sempliag occure in cho aiddle of the high resolutios range
interval, 1/4f,

(c) The high resolution range profiie for the scatterer configuration of rig.
2-4a, showing how the correct (unalissed) regponse from scarterer B is odtrined
by reducing the f requency uorﬂn At-ll(lr)- ‘Saspling ie agein st the middle
of the renge tng erul. t/at,.
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rig. Z-S Allasing of the high resolution range ptoﬂh thac results from
Amproper timing of the A/D sampling strodes.

(a) Two point-scatierers upour.d by less than one pulu videh, ‘but located so
a8 to straddle sn unambdignous range interval doundary, and' their carresponding
component pulse recurns, Afel/(2r), but with the ssmpling instant locsted near
the range interval boundary.

(d) The high reeclution range profile odtatned at the output of the DFT tor tho
scstterer configuration of Fig. 2-3a, showing the aliesed response of scetterer
B at xg‘eng-2r due to the sampling strobe not b-ln. centared {n the range inter-
val, 1/At=2t,

(c) The hig¢h resolution range profile obtained at the output of tho DIFT for the
scetterer configuratton of Fig, 2-3s, showing suppression of the altased .
response due to scatlerer B when the sampling strode u ceantered in the tange
incerval:- t'- x,t1/(281) = xoﬂ. .
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of each interval is equal to 2r in accordance with the preceding éticetion.
Huosiver, if the sampling strobe is located pear the end of the first irter-
val as shovn, the resulting tange profile wiil appear as shown in Pig. 2-5,
in which the retutn from scatt»ret B appears before that from A. However,
if the sanpling ivstant, t, were moved back to'the center of the first
range interval, the "folded” return from scatterer B woulld effectively
ﬁisappear because of attenuacion‘bf the pulse ghape. v

As discusséd above, ambiguities ard aliasing of the high resolution
range profilés can be avoided by choosing the :frequency,step size, Af, to
be no greater than one-;half the single pulse bandwidth, and by asynchro-
cizing the timing of the A/D sampling strobeq to the frequency step size,
Af, ir the frequency syﬁchesizer so that all of the strobes will appear .
exactly fin the middle of each range tn:ei'val. as shown in Fig. 2-5c.

Houever, if the strobes are uynchronized to Af and if Af = Vor, the
strobes illuatrated in Pig. 2-5 will be two pulse widths apart. As a
result, scatterers located ir the vicieity of the boundary between adjacent
range intervals, such as the point scatterer A in Fig. 2-6, will appear in
thc tang{profile heavily attenuated by the okirts of the pulse shipe. The

lolucion to :hu proble- is to place a second set of -upnng strobes

. .ynchtonized to A! between the first ut, i.e. at the rarge tnterval boun=-

daries, in order to generate a second u: of high mcolution range profnu
that overhp. :he originu set, m- second sat of unpling strobes 1is

1nd1catad by the dubnd unu with croucc in !‘lg. 2—6c ard d. However,

the high resolution profiles derived from this intcmdiaca set of sampling

_ strobes will appear aliased as in the case of the return from scatterer B

io Fig. 2-bd. Hence this fact must be taken into acéount in meshing those
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rig. 2-6 ILllustration of the need for an intermediste set of sampling
strobes|at the range-intervel boundaries, tgoy=k/Af, in adiition to the
principsl set at the range-intervel midpoints: ty=k/4f +1/(2Af) to provide
cosplete coverage between adjacent range intervals.

(a) A single point-scatterer located near the edge of & ungo lnurnl. and ice
. pulse rpturn,

"(b) The| high resolution range profile at the ontpu: of. the DFT in responsa to

- the scafterer coafigurstion of Fig. 2~6a showing the sevare actaruation of the

responss from scatterer A when the unun( strobe is centared ian the range
interval; Af=1/(2¢).

{¢) Two| poinc~scatterers locaced in adjacent range lntcruh anear a range intet-
val boupdaty, with interwediate sampling strobes st the renge interval boun~
daries. o
(d) Thelhigh resolution range profile st the output of the DFT of the fater~
medinte|ssaples for the target configuration of Pig. 2-6¢c, showing the normal
respons¢ of scatterer A and the expected aliased response of scatterer 3. The’
unsliased response can be obtained by interchanging the firet and second halves
of the DFT cutput. The atdpoiat of the ruulung profile is at xotl/at.
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profiles with the original ones. - Specifically, ‘when processing the returns

sampled by the intermediate sampling strobes located at the range interval

boundaries, k/Af the fitst (near) half of the resulting high resolution

range profile»must be assoclated with the (far) range interval to the right

of the strobe while the second (far) half of the high resolution profile is.

. assoclated with the (near) range interval to the left of the strobe loca~-

tion.

2.2.1.2 Effect of Non-Uniform Frequency Spacing. ™

In the preceding development, it has been assumed that the frequency
spacing, Af, between .the pulses in the stepped frequency pulse train was
uniform (eqn.j2-13). This assumption resulted in the high resolution range

profilel q(x,tj being determined as the DFT of the complex frequency

samples (V(f;,t), eqn. (2-19). - In this section the effect of non-uniform

freuuency soecing on the computation of! q(x,tj will be determined.

Specifically;‘the maximus allowable deviation between the actual frequency

"at nhich the kth pulse {s traansmitted, fy and the frequency (fo + kaf),

corresponding to a unitorn frequency spacing, that can be tolerated in
using eqn. (7-19) to computel q(x,t‘ will be determined.

The assumption of uniform frequency apacing between the pulses in the
s tepped-frequency pulse train is often an idealization. even when the indi~
vidual frequenciea transnitted arelqbsolutely stable. 2orvexgmp1e, suppose
that the coherent freuuency synthesizer is realized using a nunber.of dif-
ferent cryEtal oscillatord; ench of which 1s absolutely.steble; ' Such a
systea could bevrenlized either By'using a.separate crystalbto genercte,
each of the N frequenciee, or by using M seperate crystals, where MCCN, to

generate the N frequencies using a network of frequency nixern'ond.
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multipliers. In general, the spacings between ad}acent frequencies

. generated by such a synthesizer will not be precisely nniform because there

is an error tolerance associated with gach crysthl.

As previously discussod in Section 2;1.1, the complex volc#ge retutn;
V(fx,t), received from a distributed target will in general be a function of
the frénsmitﬁed frequency, fy, in accordance with eqn. (2-7). V

o

e = e o ga(ee 327

-
let fy represent the ideal values of‘;ranpnitted‘freéuency,
corre;ponding to a uniform fredaency spacing, Afyg, as défined by eqn (2-13).
fx = fo + kA ;_' ' ,‘ : (2-13)
Where Af is the ave;age value of the freéueucy spacing:éver N frequencies:
AE = (fy-) ~ £o)/(H-1)
Let.the‘actqal frequency transmitted on the kth pulse.bé &, where gknis

related to fy by: ‘ o C
& = fk + i | (2-21)

Thus ey represents the deviation of gy from the ideal value.fy.
Assume that the frequencies fg and g, are absolutelf stable such that
wg(é) z 0. Then using (2-21), the expressions for V(fy t) and V(gk,t) can

be written as:

. , i h . .
V(f t) = f p(x)s(c-x)e-jl"kadx, .
' . - . ' (2-22a)
: to ‘;52’ : .
Vigg,t) = f p(x)s(t-x)e’ &’Fdx L . (2=22b)
Now make the'transfornation: .
‘ u e x-t

and recall that the pulie shape s(u) is such that s(n) ~ 0 forl ul >2t.
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Us’ng the above transforration and the telationshiﬁ between gy and fj
given by (2421, eqns (2-22a,b) may be rewritten as follows:

+21

Vi, t) ~ & TEE L o eruya(-u)e 12K,y (2-23a)
-21 .
. +21 -
V(gk;t) " e-:jZW(fk + et j. p(t+ﬁ)s(-u)e-12"fkue-j2?bkudu (2-23b)
=21 o . '

It 1is reasonable to assume that the freqdency deviation, ey, between

gk and fy will be a small fraction of the nominal frequency spaciﬁg Af i.e.

Assume: A _
| ex] < 0.01 af (2-24)
- -Furthermore, in accordance with Section 2.2.1.1, the upper bound on Af is
1
given by: ‘ Af < 3T

Combining the above two criteria gives:

| ex| v < 005 | (2-25)

Consequently, the teram e—ijeku # 1 in the integrand of eqn. (2-23b)
so that the two integralse in‘(2-23a,b) become approximately equal.v-As a
‘result, it follows that: _ | | ‘
V(g t) v, £)e d27Ekt. | ' ' (2-26a)
Now. even 1f ey 18 amall ‘enough such that (2—25) is satisfied, the

jz'tkt in (2-26a). will generally not be negligible because

- L pheee term e
| t>>t. The maximum value of t 1e equal to the radar pri which is usually at
leeef three ordern of magnitude grentet than the pulse width T
In general, the comylex returns V(gk r) received fron pulses transmitted

at frequenc!ee gk must be corrected for the phase shift Zrekr dne to the

%
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frequency spacing non-uniformity ey, before the high resolution range pro-
file can be computed using eqn (2-19). Thus V(fy t) is computed from the

measurements V(gk t) as follows:

V() = V(g e)el?TkE (2-26b)

Note that the required phase shift correction is generally a function

of both the frequency step index, k, and the approximate range delay to the .

target, t. The effect of not making this correction is the same as if the
ideal vqlues V(fg,t) had Eeen measured and then cotrup;ed with phase noise
of amplitude 2meyt prior to compgtation of the range profile. One of the
effects of such phase noise is to fa;se the sidelobe level of the resulting
range pfofile. The variance of the phase noise (zero-mean) added to a pure‘
sine ;ave can be shown to be‘equallto the integral of the relative noise
power in the sidelobes of the resulting power spectrum. By Parseval's

Theorem for a discrete N-point spectrum:

s 1 N-1 Y 1 N-1 2 .
0 =¥ nzo 4,6(-[1) --ﬁz kzo !é(k)l o (2-27)

where 8(k) is the spectrum of the phase noigse ¢(n), and where the phase.

noise:is assumed to be small enough so that the following approximation

_holds:

ej® ~ 14145 6] £ 0.5 rad. - (2-28)

The term N2 in the denémingtor of (2-27) is the square of the amplitude of

- the spectral line in the DFT of a unit amplitude sine wave. . Hence

]9(!)!2/N2 1s the relative sidelobe (power) level in DFT Bin k relative to

‘the signal power (in the bin containing the sigﬁal).‘ It 1s {mportant to

note that (2~27) is a relation between the phase noise level and the
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corresponding integrated sidelobe response. However, for purposes 5f reso-
iution, the peak sidélobe level 1is usually of greater importance than the
integrated level. The sidelobe épect:um is. often not flat, so fhat the
highest levels usually occur in ﬁhe vicinity of the main lobe. In general,
it is not possible to determine the peak sidelobe level for a given value
of rms phage noise unless the spectrum of this noise is also known.-
_However, for any given value of rms phase noise thé minimum value of the
peak sidelobe.level is obtained when the phase noise sidelobe spectrum is
flat. In this special caée,<the relative sidelobe level is a constant

independent of k and is given by:

However; the assumption of a flat phase noise spectrum is probably.unduly’
optimistic, especi;lly'ff the frequency errors of the synthesizer have a
systematic component - i.e., quadratic or h;pusoidal as a function of fre-
quenéy. A more reasonable qpproximation might be to assume that the shape
" of phase noise power spectrum is a maximum at the signal frequency aﬁd
quadratically approaches zero for k=N, as 111ustta£ed in Fig. 2~7. In
this case, the sidelobe level decreaﬁea mono:onical;y from the viciaity of
the main lobe as shown 1n,F{g. 2~7, and the peak value of th; felative

sidelobe level‘a&jacqnt to the main lobe 1is given by:
. g 2 . ‘ . . s l . . '. . .. 4 '
“p(max) » 3 - | . ~ L @-29)

Assuming that the qaximum sidelobe level is to be no greater than =30 d8

gives the following bound on the rms phuse error. o
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The corresponding bodndbon the rms freduency error 1s therefore given by:

2r leg| tmax = oy < JO18/W

le| ¢ <202 - a (2-30)
= tmax : ‘

where tpax 13 the maximum value of the round trip range delay to the
target and N is the number of.pelses in the train. In most cases, tpax

will be equal to the radar pri. Note thae since tpax >> T, if the magni-

tude of the frequency deviatioms, ]ekl, is bounded by eqn. 2-30, the basic
bound on £k o: eqe. 2-24,25, that was assumed for the analysis, will auto-

matically also be satisfied.

2.2.2 Interpretation of DFT Proceesiqggég Matched Filtering

In the following, the DFT is shown te.be the matched f;lter for a

‘frequency-eieﬁped pulse train with unifOtm'fteduency spacing, provided
" that there 1is no'relative'radial motion between the target and the radar.

Consider the return received from a point target located at range

delay X, in response to a pulse transmitted at frequency fy. The phase of

the received pulse.teturn from the target is ‘then given by:
zyg ==2n fex | ' - (2-31)
where ‘the phase indicated by eqn. (2~31) is meaaured relat;ve to the :rans~

mitted carrier frequency. In other words, the coheren: refersnce signal

for each pilse feturn is the carrier o:,tha pulse transmitted at that fre-
quency. The complex return from this point target may then be written as:

CV(Eg,r) se(texdexp(=§2nfyx) (2-32)




Where s(t-x) is the pulse shape pf the transmitted signal. As before,

the range x may be written written as X ™xg +8x, where x . : defiﬁed by
eqn. (2~16). Then using eqn. (2-13) and the fact that Afx, =M, eqn. (2-33)
can be written as:
V(fg,t) =s(t-x)exp(=j2nfyx)exp(-j2nrkafésx) (2-33)
The matched filter for this sequence of samples, with respect to the

gample index k, is its complek conjugate. Thus it 18 seen that the kernel:

exp(j2nknafax) : . (2-34)

of the DFT represented by eqn. (2~17) is the matched filter for thé‘signal
samples V(fi,t) when nAx =§x. Sugstituting the expression for V(fi,t)
given by (2-33) into (2-17) gives: '

| a(x, e} =| gfl.s(c-g) exp(-jznkAf(nAx-sx)S Af | - (2-39)

k=0

The maximum value of (2-24) clearly occurs when nAx =46x, as 1s required

for a matched filter. A simplé explanation of why a DFT is the matched
‘filter for this pulse train waveform follows: When the returns from the -

frequency-stepped pulse train are coherently detected using each

transmitted carrier as the corresponding coherent reference, the phase of
the detected returns‘from‘a fixed point target will va:& linearly with fref
quency.vasvpréviously indicated by eqn. (i-31). ;Similarly the phase of the
kerngl of ﬁhe DFT defined'by-e§n. (2~17) aiso~vdr1es.1inqar1§‘wi:h freéuency

for a fixed value 6f range delay xa' Therefore since :he'phasea of the

' ~signal and the filtering kernel boch vary in the same vay as a fonction of

sample index, k the kernel 1s the watched filter for che signal.

It should be ncted that the fact that the DFT is the matched filter

: for the retutns from & train of frequency stepped pulses, vith uniform
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frequency spacing, is not applicable to the case of conventional'digital pulse

compregsion, where the return from a single swept-frequeﬁcy pulse is

‘uniformly sampled over an interval equal to the duration of the pulse.

Although these two situations appear to be similan; in that in both cases

- gignal samples of the pulse returns are taken at uniformly spaced points in

carrier frequency, there is a subtle but important difference betveen the
two. In the case of the stepped frequercy pulse train, as mentioned
before, the detector reference signal for each_pﬁlse return is thel
transmitted pulse carrier at that frequency, wﬁiéh changes‘frpm pulse to
phlse.' As a result, the phases of the detected_returna from a fixed point

target will vary linearly with frequehcy. On the other hand, in the case

of the uniformly sampled swept-frequency pulse, the detector reference

signal used is a constant frequency waveform. Consequently, the phases of

the detected signal sambles w;ll vary quadratically with the 1nstantaﬁeous
f requency at each sampling point, rather than linearly. Therefore, the DFT
will no longer be a matched filter for the fesulting signal samples.

2.2.3 Effect of Radial Velocity -

In the preceding development it was assuﬁed khat,the~tange betweeﬁ ﬁhe
radar and the target rgmained cogstaﬁt over the dhthtiog'of the pulse
"t rata. The'purppse of this section is to determine the effeét‘of finite
relative radial velocity on the output of the DFTvmatchgd filter, _It &Qea

not matter whether the radial veloecity is due to motion of the target, the

" radar, or both.

An uncompensated nonzero radial Velociﬁy is found to have two effects

on the range profile at the output of the DFT. The first is a shift ia
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the range profile of the target. Tﬁis is simply the well-known range-
doppler coupling effect associated with the use of linearly frequency-swept
waveforms., As will be seen, even small values of radial velocity can cause
significant shifts in the range ptofile.. If the magnitude of the range
shift is greater than the range extent, c/2Af, spanned by the output of the
DET, the target range profile will be circularly-shifted ard appear
"wrapﬁed-around" in the output of the DFT. Iﬁe second effect is that of a
processing loss and a degradation in resolution dué to the fact that DFT is
really onlx matched to the signal samples for the case of zero radial velo~
cicy. |

Recall that the complex return from a single Pulsa transmitfed at fre-
quency fi is V(fk,t) given by eqn. (2-7). Now suppose that the rélative
radial velocity between the radar and the target is vr m/sec. The prin-
cipal effect of this motion on the complex returns V(fy,t) received from the

targetAis to introduce a relative phase shift between the,te:utns received

f rom successive pulses in the train. Let T represent the pulse repetition

interval of the pulse train. Hence the kth pulge in thélttéin is
transmitted at frequency fy at time kT, relative éo the time of the first
pulse at kiO, The relative target motion during this interval is theﬁ Just
vekT, so that the kth puls; return will undergo an adéitional phaée shift

relative to that of the first pulse of:
2v,kT :
P = 2mEy () | (2-36)

Therefore if the complex re:uth from the target, in the abseﬁcc of the

relative radial motion, is given by V(fg.t), the return from the same

.target moving at velocity vy relative to the radsr will be given by:
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2xf (2v kT, '
Va(Ey,t) = V(Ey,e0ed (2vckt/e) (2-37a)

Clearly, if the radial velocity is known precisely, the returns Vp(fi,t)
received from the moving target can be compensated for the effects of rela-

tive radial motion by removing this motion—inducsd phase ghift as follows:

: =] 2xfi . (2v kT . '
WE,t) = Volf e S T re(2VekT/e) (2-37b)

The resulting values of the motion compensated pulse returns V(fg,t)
are equivalent to those that would have been recaived from a stationary
target, and can be processed to obtain the hlgh—resélucion range profile
using the procedure described previously in Sectio; 2.2.1.

Joweéer, if the returns from a moving target are not motion-
coqpensated before processing to obtaiﬁ the high-resolution range p;ofile,
the resulting profile will appear shiftec in ranéé, as well as suffering’
scme attenuation and dispersion due to the fact that the DFT will no longer
be'a matched filter for the returns from the moving target. To see this,
substitute eqa. (2-~37a) for the moving target returns into eqn; (2-19) for

the D?T. The resulting computed range profile is then given by:
) N=1 » kn ,
e (x,t) = kZOV(fk,t)exp(ij(2fkvrk'l‘/c +=D | (2-38)

It is now advantaggou- to define the following dimensionless parameter:

2v NT v NT
S comeem—- 8

cAx Ar (2-39)

Hgnce P is the ratio of the amount of relative radial target wotion over

- the duration, NT, of the pulic train, to ihe réoolutlon, Ar, of the high

resolution rangc'prqule. Subs:ttu:ldg this definition for P into (2-39)

iqd‘uulng (2-13) gives:
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| ax,t) =] § V(£i,)expli2n((£o + kaf)PAx + n)k/NJ]
Finally, using eqn. (2-18) and defining the total bandwidth of the pulse

tra;n as:

B = NAf ) C (2=40)

gives

- N-1 £ o
| q(x.d -l kZo\l(lfk,t)exp[th((-—-g-ﬂl~~l§)l’ + n)%} - (2=41)

. where x = x, + nAx
Note that eqn. (2-41) reduces to eqn. (2-19) for the case of zero radial

velocity (P=0). The principal effect of uncoupeusated tadial'motionlis to

. shift the apparent location of the target'in the' output ofbtheerT by

£ A .
(-{% +-%)P fine range resolution ce;ls (i,e;, DFT bins), or equivalently

a delay shift of (f,/B + 1/2)PAx seconds. This is obvious from an examina-

‘ton of the argument of the complex exponential in eqn; (2-41). The term

f,/B is the ratio of the carrier frequency of the first pulse 1n the train
to the pulse train bandwidth, B. Consequently, the ternm (fO/B +12) is the
rat;q of the center frequency of the pulse train to the pulse train band-
width, The range shift of the target profile, in tetzs of the number.uf
high resolution cella, Ax, (or FFT bino) i{s therefore given by:- .

' L = (£c/B)P : I ¢ 205
where'fc H fo + B/2, the center frequency of the pulse train. |
Recall that P tepresents the number of fine range resolution cells that the
;arget moves relative to the radar.,over the duratlon, NT. of the pulse .

train. When f,/3 is large, even nuallrvnlues of P can result in & signifi-

‘cant range shift at the output of the DFT of the high resolution runge,
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profile. Purthermore,‘the resulting shift of the profile 1s circular, modulo
the range extent represeanted by the output of the DFT. ForIexample, suppose
the DFT output represents a span of 64 range cells. Then if (f./B) = 33 and
P = 3, the range ptofile.oill appear ghifted by 35 range cells = (3 x 33 - 64).
The result of this chifting is to cause a yossible ambiguity in the interpre-
tation of the range profile as previously explained in Section 2.2.1.1.

In additicn to this velocity-induced ;ange shift, the qoadratic phase

term, P(k/N)2, in the exponent of eqn. (2-41) causes .a dispersion of the

range profile. The magnitude of this dispersion can be determined by eva-

luating eqn. (2-41) for the case of a point target, at different values of
P. The results are illustrated ;5 Fig. 2-8 for the case of Hamming |

waighting and the sampling instant, t; locaﬁed at the ceater of the pulse’
feturn from the point target. The range shift induced by the linear term

(£./B)P does not affect the shape of the response and thus is not portraved

- in Fig. 2-8. It is seen that serious degradation of the response occurs

‘ for values of P>3. At P = 3, the peak of the point target response has

been attenuated by about 3 dB end the width of the reponee broadened by a
factor of 2.

It 13 noteworthy that in most practlcel cases, :he degree of notion

»compenuatlon required to prevent circular ohifting of the high reoolution '

.profile is considerably more stringent than that required :o keep range

dispersion of the profile to a tolerable level, .Thio is ;iluetrated'by,the

following simple example. Consider a stepped-frequency MMW radar hnvink

the following paraoeterna
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Fig. 2-8 Attenuation and dispersion of the high resolution range prafile

of a single point-scatt'erevr target due to uncompensated relative radial

veleceity.
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fo = 35 GHz
B = 500 MHz
N = 64 pulsges

T = 50 usec A
‘We wish to determine the maximum values of unccmpensated radial velocity
error, vp, that can be tolerated in order to:
l. Prevent profile shifting by more than one high reaoiution,range
cell (PFT'bin).
2. Range dispett@on of the profile.

We find the maximum allowable value of thé.dinensionlesc paraheter P in

each case and then find the values of the velocity error, vy, corresponding

tc ttose values of P.

The amount of profile shift, in high resolution range cells 1is given

by eqn. (2-42). Thus the criterion for a range shift of less than one ceii

is: |
L-TP<1

Ihus, for the given radar parameters, the limiting value of P'to prevent

profile shifting 1s:

B "' 500 .
pn,ax < 'E"c‘ - ‘—'"—35000 = ,015

The corresponding value of vy is found fron_the definition of P givén by

eqn. (2-39). The range résoluciod Ar 1s a function of the uuvefori band-

-width B and 1is:

Ar "%i » 0.3m for the given value of 3.
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Hence vy(max) = PAY (0’015)(0‘3) = 1.4 m/gec

NT " (68) (5x1075),
This i3 the maximum value of uncompensated radial valocity that can be
tolerated:to avoid shifting of the profile. However the profile dispersion
caused by such a small velocity error is negligible. |

On the other hand, in order to kiep the effects of range dispersion of
the profile to tolerable levels, the value of P should ptobably be hald s
less then 2. The corresponding value 51 uncompensated velocity error is

easily'found to be:

Br _ __ 20.3)

NT z;;;?;—fazgy = 187 n/sec,

v:(nax) -

a tolerance that is two orders of'nagnitude highet,than tﬁat required ro
avoid shifting of the profile.

In ueny cases, circular shifting of. the tatéet range profile may be
tolerable. patticularly 1if Af.is chosen in oecordanee with the'criteria.of
section 2.2.1.1, so that the occurrence of a circular shift in the profile
csn be identified. In such cases, the accuracy of the required motion comr=

pensation.need only be éofficient to prevent excessive dispersion of tle

profile,  As seen from the preceding example, the correspoading value of

velocity error tolerance can be tathet large, and in those casess where the
radar platforn and/or target relative ielocity is smaller than this
toletunce, no motion compensation at all may be required.

2;3 Noncoherent Processing

. When coherent processing of the measured complex pulse returns cannot

" be performed because the local osciliatot phase drift functions yy(t) are
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too large and/or cannot be cal;breted with sufficient accuracy, or a

aoncoherent radar is used, it wiil not be possible to obtain the pulse-shape

weighted high-resolution range ﬁfofile of :he';grget; q(t,t)..»However, in

that event it 1is still possible to obtain the auto-correlation Rq(z,t) of
the target's high-resolution rangelprpfile_by_noncoherently processing the
magnitudes of the frequency-stepped pulse retu;nsj V(fk,t‘ « This is

accomplished as followa. The aqto-correlation of the target-range profile

~ R U
Ralz,t) = f g*(x,t)q(x + z,t)dx (2-43)

-y -

As discussed previously, vatidble'tlin the above expreseion represents
the time of the sampling instant, a@& hence may be eonsidered as merely a
pataueter. ' ﬁ |

Since Q(f,t) is the transform of q(x,t) it follows from elementary
Fourier transform theory that the transform of Rq(f,t) isl Q(f,t‘ 2.

ReGzy e | ateie] 2 (2-44)
But by virtue of the telationship between Q(f t) and V(£,t) given in
eqn. (2-8a) 1t also follows that ,
| act, e 2 .'- ]v(f % (2-45)

Bence, oubstituting (2-45) into (2-4&) it can be seen that Rq(z t) can be

.determined frou only the maggitude of V(f, t) as'. followe.._‘

Rq(z,t) f | vee :)] 2 oty e

Again, the discrete veraion of thie exptession. as in the case ot eqn..(Z*ll),

13 given by:




' N1
Re(z,t) = 3 | Ve o) 2 1P 4 (2-463)

k=0

The principal sigﬁificance of this result is that computation of Rq(z,t)
does not require any knowledge of the phase of the complex return V(fg,t).

i Therefore, unlike the signal processing required to determine q(x.t) in eqn.

'(2-11), the above result is not affected by either the phase drift, y,(t),

of the local oscillator, any differential phase delays as a function of

.

frequency in the system, or target radial velocity. Furthermore, since

‘only the magnitude of the complex return V(f,t) need be, measured to compute

Rq(z,t), a coherent radar is not required in this case.

Although the computational effort required to compute the auto-

correlation function Rq(z,t) is nearly the same as that required'to obtain

the underlying high resolution rénge profile q(x,t), th: former has the

advantage of being more robust for the following reascn:.

1.
2.
3.

4.

A coherent radar is not required
No motion compensation is required
The resulting range profile avto-correlation function is not sub-

ject to arbitrary velocity-induced range shifts as in,the.case of

" the range profile.

When usipg P DFT, ;he tolerance on ﬁhz deviation of_the frequen—
cles transmitted with respect to uniform frequency spacing is two

to three orders of magnitude greater than in the case of coherent

' processing,

2.3.1 DFT Implementation of Noncoherent Processing

.- The implementation of eqn (2-46a) using a DFT is similar to thact for

the case of coherent processing previousli &edcribed in Section 2.2.1.
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Again, the pulse train frequencies must be uniformly spaced in accordance
with eqn. (2-13). Similarly, the range delay separation variable, z, of the
auto-correlation function can be written as z = nAz, where Az is the range

delay resolution éorresponding to the waveform bandwidth, and as before, is

1

given by: Az *NAE°

(2-47)

Therefore, the required processing can be implemented using a DFT, by

rewriting eqn. (2-46a) as:

L2 2 _j2xkn/N
Rq(nAz’t') - kZO’ v(fk,t'* ej wkn/ Af -(2-48)

In general, Rq(nAz,t) will be complex. However, as before, the function of
interest is the magnitude of this auto-correlation function. Furthermore,
sincél V(fk,t‘ 2 is real, the magnitude of its transform will be an even

function of n:

| Rq(nAz,tﬂ f! Rq(-nAz,ti

‘'or since the DFT 1§.circulat, it then also follows tﬁ#t:
] Eq(nAz,ti‘-‘ Rq(N-n)Az,t‘

Consequently, unlessl Rq(nAz,tﬂ =0 fot.n > N/i. an aliased response will
b; obtained qi illustrated in Fig. 2—9; Noée'that the extent, NAi, éovered:
by the auto-correlation function Rq(ndz,t).‘isfequal to i/Af, by virtue of
equ. (2-47). | |

_Be¢adae of the atteﬁuation pﬁovided by the envelope of the individual
puises;vthe maximun extent of the target range ptotilo"being pioceaéed is
assumed to be effectively limited to the pulae.uidth, t. As 111us§fated in
Fig. 2-9¢c,d the extent of thz range profiile anto-corre;ation function for a

2-gcatterer target whose ranga exteat is t will then be 2t. In order that
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rig. 2-9 Illustration of the limit on the saximun allowable frequency-step
size, Af, required to avold aliasing of range profile sutocorrelstion functions
obtained by noncoherent processing of taturns from fraquency~stepped pulse
trains. , '

(a) A two point-scatterer target having a range extent of one pulse width and
the corresponding component pulse returns. »

(b) The, high resolution range profile of the target coafiguration of Pig. 1-8a,
for a saspling time half-way between the two scatterers. '

(c) Alissed cange profile asuto-correlation functioa obtained when the frequency
step size of the pulse train is too large AD1/(21), : )

(d) Corrsct (unaliased) range profile auto~correlation function obtained when
the frequency step~size is reduced such that Af<1/(2t).
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tes that the sample spacing (in this case in frequency) of a samoled func~

" tion (the pulse returns) must be less than one-half the period of the

on Af required to avoid aliasing is l/t,. twice tha: given by eqn. (2-6 Y.

© tional constraint s the same as that given by eqn.’ (2-69) above. Thus

'aliasing. In the case of cohereat processing, the correaponding constraint

the computed auto-correlation function not be corrupted by aliasing, it‘is
necessary that the extent, NAz, covered by'the auto-correlation fuaction,
Rq(z,t) computed as the transform (2-45), be greater than that of the
terget‘s actual range profile auto—correlation function, 2t.

| | NAZ > 2t
This is equivalent to the preceding statement that:

Rq(ndz,t) = O for T < nAz <-g Az

Coubininé this constraint with the definition of Az given by (2-44) gives
the following relatlonship for the constraint on the frequency spacing Af.‘

1 .
Af < 37 4 (2 49)

Note this'constraint on Af is the same as that imposeo‘earlier in the case
of coherent processing. although the reason for the constraint in this case
is somewhat different. In the present case, the constraint (2-49) on the
maximum allowable value of the freqneucy increment, Af, is imposed by the
need to avoid corruption of the computed range profile auto-correlatioo

function by aliasing. This correspondo to the Nyquist 'criterion that sta~
highest "frequency” component (i.e. the pulse width) in order to avoid

However._in that case, a further consteint on Af was imposed in order to

be able to unambiguouely interpret che computed range profile. This add1~

eqn (2-46) applies in both cases.
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Consequently, it follows that if the bound on ¢y given by eqn. (2-24) is

| e |' < <01 af B , (2-24)
then eqn. (2-26) follows: B | ‘ o
V(gk,t) = v(fk,'t)"«;‘j""ekt | . (2-26a)
‘and therefore: _ :: | |
| V(g',k,c)'l 2. v(fk,t) |2 ’ (2-50)

2.3.1.1" Effect -f Non-uniform Frequency Spacing for
Noncsherént Processing

The effect of non—uniform frequency-spacing on noncoherent processing
using the DFT is considerably less severe than in the case of coherent pro-
cessing, preéviously described in section-z.z.l.z.l Again, let the.ectual
frequencies transmitted lLe given‘by: .

B = f + e | (2-21)
where fi¢ are the ideal values of the transmitted frequencies corresponding
to uniform spacing (eqn. (2~13)) and ek are the resulting deviations about

the fx. The analysis of section 2.2.1.2 appliesAin this case as well.

satistfied: i.e.

Therefore, if the magnitude of the frequency deviations is bounded by
eqn (2~24) or equivalently by (2-25), thenleQn.,(z-SO) follows, so that the
range profile auto~correlation function Rq(z t) may be computed from the
amplitudes of the teturns’ V(gk t)l measured for the actual transumit. fre-
quencies gk. Consequently, for noncoherent processing. the applicable bound
on the allowable frequency deviation is given by eqa. (2-24), or equiva~.
lently by eqn. (2-25). | C

It is interesting to compare this bound with thst derived previously

for the case of coherent processing. eqn. (2-30).
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L0029 /T
| eex] < S . (2-30)

where tpax 18 the maximum range delay to the target. The frequency
deviation bound for noncoherent processing given by eqn. (2-24) may also be
expressed by eqn. (2-25).

| i | <222 - (2-25)

where v is the effective (compressed) pulse width of the radar. A com °

pariscn of these two bounds gives:

eikI 1.7 ‘tmax -
ek | "W T - (@-5D

Since tpax 18 usuallyieqcal to the radar pri, and N 'is usually less than
128, ‘the value of the bound on allowable frequency deviation for non~-
coherent processing,l eikl will be larger than that for coherent pro-
cessing.l Eckl » by about onte-tenth the ratio of the radar pri, tpax, to
the (compressed) radar pulse width t, In most cases this ratio will be on
the order of 103 or‘uore. Conseduentli, the frequeucy error tolerances on

the deviations of the pulse train frequencies relative to the values for

. unifotn frequency spacing for noncoherent processing to obtain the range

profile au:o-cortela:ion function are considerahly wore relaxed then those

‘ required for coheren: processing to obtain the‘tange profile,
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3.0 EFFECT OF COHERENT-AND NONCOHERENT PROCESSING OF RETURNS FROM
' FREQUENCY-AGILE RADAR PULSE TRAINS ON TARGET-CLUTTER CONTRAST RATIO
FOR TARGETS IMBEDDED IN GROUND CLUTTER

A éommon application of frequency—agile radar puise trains 1is the

- detection and imaging of fixed targets located in a ground clutter
;béckground. A'typical scenario for this application is illustrated in

'Fig. 3-1. Fixed target detection for this scenario is based primerily upon

thg'contraat in amplitgde between the return from a target and that from

__the‘surrounding clutter, based on the fact that returns from man-made

" metallic targets are, on the average, stronger than those from clutter

within the same size resolution cell. Specifically, the returns from a

contiguous patch of resolution cells, such as the rectangular array

- illustrated in Fig. 3-2, are examined, and the amplitude of the return

" .from the center cell of the array is‘compared against'the average of the

returns from the surtdunding cells. If there is a target in the c=nter
cell of the array, and the remaining cells of tha array coatain only

clutter, a measure of the contrast between the target and the clutter is

V the average target~to~c1utter power ceturn ratio, T/C. Strietly speaking,.

‘ 1f the size of the resolution cells is msch largur than the physica1 extent

' f of the target, the ce11 containing che target will also contain some

clutter, so ‘that the contrast tatio between the ta:ge* sell and the clutter

cells w111 actually be (T+€)/C, rather thaq just T/C. 1In any case, since

the clutter return from a given rnsolution cell is proppttional to the bro-.'

jecced ground area of that cell, the value of T/C will increase with

. decreasing cell size (i.e., increasing resolution), as 1ong as’ the cell

x?‘
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Fig. 3-1 Detection of stationary tactical targets in a ground clutter
background using airborne radar. ‘
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LET X, BE THE AMFILITUDE OF THE RADAR RETURN IN THE iTH CELL OF THE STENCIL:
LET X BE THE AMPLITUDE OF THE RETURN IN THE CENTER CELL.
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Kig. 3-2 Diagram of a typical Z-dimerialénal (r_énge-crosa range) CFAR
tencil, illustrating the threshold detectioa pcocess.
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size 1s greater than the physical eitenﬁ of the éarget.. This effect is
11lustrated in Pig. 3-3.

| When the fesélution of the radar increases to the point where the
resolutioh cell gsize becomes gnallet than the physical exteant of the
target, the individual scacteting'centet; of the target start to become
resoived. In that case, the value of T/C continuee.torinctease, but at a
less rapid rate. |

As outlined aboée,':argec-clutter signal ratio, T/C. is usually a good

measure of the amplitude coﬁtraét between reﬁutns from targets and clutter.

Since T/C is inversely proportional to the size of the resolution cell,

, decreaaing the size of the resolution cell is one ceards of enhancing the.

targec-clucter contrast tequired for reliable de;ection.

The purpose of this chapter is to determine the effects of both
coheggnt and noncohereat ptoceooiuglof the returns from freqnency-agile
pulseﬁfrains ou the target-clvtter coatrast in the'resniting high-

resolution range profile and range profile auto-correlation functions. The

- effect pf this processing on target-to-clutter contrast is represented in

cetmg qf‘a parameter called the contrast enhancement ratio, Ejy. ThisApaza-
meter is defined as the ratio between Ehp avnrnge'targct-clutceQ contrast
in tﬁe feluitins hlgh reoolutionfrnngevprotilc or range-profile cutp-
cotfélatlon function, and tﬁh.nverage.unrenglved tari&t-clu;ter contraitl
before processing (1.e. thelaverage contrast between the‘tafget and clutter
fdt the unresolved single-pulse returns, 1/C). In general, this contrast

enhancement ratio is an increasing function of the resolution enhancement,

~ I, provided by the puise.train bandwidth. H&wever. the conttnnt'enhan-.

cement ratio Ep is aluo“a_function of thc'nunber. M, of discrete target

.60 -




TARGET RCS, 0, = 20 m® (13 dBam)
CLUTTER RACS DENSITY, 0 - .01 m*/m’.(-20 dB} :

RESOLUTION CELL = 400 m? (20 m « 20 m)

TARGET AND CLUTTER ' CLUTTER ONLY
- ” . 4“"\-_‘— \
'\ - ,.."— ;) " j
b A o~
4 .' - .} ‘ ~ v
/7 . PR :
~ . N~ ’
- Pai . PR
. AT ‘.
oy . .‘ -_J :‘,\.\
- ~ . nd
' 20 m
TOTAL cnoes SECTION -~
TARGET PLUS CLUTTER © CLUTTER ONLY
20 m? + 400 10.01) : 24 m? 400 (0.01) = & m?
. {13.8 dB8am) ‘ . {6 dBsm)

TARGET  CLUTTER SIGNAL RATIO = 13.8-6 = 7.8 dB8

RESOLUTION CELL — 100 m* (10 m - 10 m)

TARGET AND CLUTTER _— CLUTTER ONLY
. ' ’,"'..'.f‘--'_,wm
e
E ' SR/
10 m T 0 m
o TOTAL CROSS SECTION
TARGET PLUS CLUTTER ' CLUTTER ONLY
20 m? + 100 (0.0% = 21 m? © . 100001 2 1 m?
{(13.1 dBsm) * {0 dBsm)

TARGET CLUTTER SIGNAL RATIO : 13.1-0 = 13.1 ¢8

Fig, 3~3 Effect of resolution cell size on target-clutter signal .ratio for

a fixed ground target.
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scatterers ﬁhat become resolved in the high fesolution profile, and the
uhresolved iarget—:o-clutter siénal ratio, T/C.

| ,fhe effect of coherent prbceséing on the tatéet-clutter contrast
enhancement provided by the high-resolution range profile is discussed in
section 3.1. Since coherent processing effectively divides the original
single-pulse range resolution cell into finer range subcells,. the contrast
betweén'fhe average target amplitude and the average clutter amplitude 1n"
the tesulting high resolution range profile ircreases néarly in proportion
to the corresponding enhancement 1n-resolut19n.

The effect‘of noncohereﬁt processing ou‘the contrast enh;ncement pfo-
vided by 1dcohereqt.processing is the subject of section 3;2.. In this
case, the enhancement in contrsst between the amplitude of the target peaks
in tﬁe range profile auto-correlation function and the clutter background
level of that function is much less than that obtained for coherenclyro-

cessing. Indeed, the target-clutter contrast of the range profile auto-

' correlation funcrion is often less than the original unresolved target-

clutter ratio, T/C. In other words, it is often more difficult to datect
the presence of a target by looking for peaks in the high-tesolutibd range

profile auto-correlation function than by comparing the aQerage amplituhes

"of the unresolved target and clutter returns.

3.1 Effect of Coherent Processing on Targét-to-Clutter Contrast Ratio

As previously discussed in secﬁibq 2,2.1, coherent ptbcesaing of the

‘returns from a frequency-agile pulse train'givei,the,true high-resolution

vtange profile of a target, with a resolution equal to about Ar = ¢/2B,
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where B = NAf, the puise train bandwidth. Suppose the single pulse band-
width of the radar is W = i/t. where 1 is the coupressed pulse width. The
resulting resolution improvement can be expressed as'the.tatio of the
single pulse’range resolut#on AR(=ct/2;, to that of the high resoluFion
range profile, Ar. Eqdivalently, this resolutioan improvement féétor can
also be expressed as the ratio of the pulse train bandwidth to that of a
single pulse.

I = AR/Ar = NAfr or —-3—— :
' - (3-1)

‘The parameter I is called the resoiutlon inprovement factor.

The effect of.this iuproveneni in resolution on target-to-clutter
ratio 1s as follows. In the simplest caae'uhere all of the target sc#t-
tering centers are clustered sufficiently close together so as to remain
uqresolved at th§ higher resolution Ar, for example as in the case of a
single scatterer such as a corner reflecﬁor, the 1nprovemen§ in target-to-
clutter‘tacio provided is exactly -equal ;o’the resolution improvement, I.
The reason fcr this follows: 4in general, the target-to—clutéer ratio 1is

given by:
gt

T/c - Acoo

(3-2)

where o, 1is tﬁe target cross-section, ao'is‘the ciutte:Areflectivity.per
unit are@,'and As 18 the projectea area of Ehe resolution cell of leﬁgth
Ak/cos ¢ and width RAG. - | | | |
N | ‘A = BAGAR/cos ¢ IR

where R 18 the range, A8 the effective beanvidth of the t#dar.'AR'thelrange

resolution, and ¢ the depression‘angle. Thétefore, for constant values
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of all parameters other than the range resolution AR, T/C varies inveréely

with AR as follows:

Tcer =K k-2 L (3-4)

Hence the improvement in T/C provided by increased range resolution when
the target remains unresolved (i.e. when ot is unaffected by the change in

resoiutibn) is:

T/C(AT) _ AR

T/C(AR) —ar - L . . (3~5)

In most practical cases, the high-reaolutign subcell containing the
ﬁarget will also cdntain some clutter because of the finite extent of that
cell in the cross-range diuwension. Consequentiy; the obsefved target
return will actually consist of target plus clutter. Therefore, the
measure of the target return enhancement provided by high resolution should
be.based on éhé observad tatgéf-plus-cluCter to clutter ratio, and thus the

contrast enhancement ratio for coherent processing is defined as follows:

_T/C(ar) + 1 _ LT/C(AR) + 1

T/C(AR) + 1 T/C{aR) .+ 1 - (3-6)

Ex

Hénce. ip general, Ep is seen to be a function of both the resolution
improvement ratio, I, ‘and the unresolved target to clutter ratio T/C(AR).
For large values of T/C, the above simplifies to: :

Ep» I for T/C(AR) > 4 T (3-6a)

Thus at{high values of T/C, the contrast énhincemen: rat;d for cohereni o

processing becomes independent of T/C. When the tange*teﬁolution; Az,

obtained by coherent processing is fine enough to resolve the individual
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scatterers of the target, the effect of increasing resolution on Ej is a
bit more complicated, but still straight forward.
Consider the case where the targeﬁ is modelled by M distinct point

scatterers. Figﬁre 3-4a describes the range profile of a target composed

. of M=3 such point scatterers in clutter, within the extent of the radar's

single pulse range resolution, AR - i.e. ﬁhe.area of thé‘radar's single-
pulse raﬂge resolution cell is assumed to be large enough to encompass not
only the ent;ire target but also some of the suft’mnding clutter. Let the
range separations between these M scatterers be given b} dij, i=1,...M,
jJ=1, «eesy M. In general, the complex signal voltage, sg, of the unre;

solved return from these M scatierers at freqhency fyx will be given by

M 3 ﬂfkdlj
Sk =] Ay e ¢ (3-7)
i=1

where the term ﬁffkdlj fepreéents the relative phaﬁe of the return from the
jth target scatter with respect to that of the first target scatterer, and
Ay 1s the complex voirage of the return from the jth scatterer. The
received power at frequency fy 1s therefore given by:

S Sh §| |'2 2 ‘? ?l s | cos( 2T g4 ) (3-8)
Py = 5 S = A + AjAgq | cos( — frdyg +ég 3~
L ge1 geger ¢ ? . .

_ vhere use has been made of the fact that: aij E.dli‘dlj

e

oy Im [Agag*]
tan RE.TZIX%;T
A8 indicated by the second term of eqn. (3-8), becausefof interfgrence

between the returns from the individual sgatietete, the received power:
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PULSE WIDTH .

3 TARGET SCATTERERS
AND CORRESPONDING
PULSE RETURNS

CLUTTER

(a)

POWER RETURNS AT
_DIFFERENT
FREQUENCIES

AVERAGE POWER
PROFILE

SAMPLING TIME (Range Delay)

‘ je | :
HIGH RESOLUTION RANGE [ T : - PROCESSED

GE'R TION
PROFILE OBTAINED AS RANGF. RESOLU

24r
FFT OF COMPLEX SAMPLES bx= ——
o o -.{ }a—
‘ - _AL =1
HIGH. RESOLUTION AR |
‘RANGE BINS \
o M IS N N S A R B 0 B N

RANGE DELAY TiME

Fig. 3=-4 Formulation of the high resdlution range profile of a 3-point scat~
‘terer target in clutter. Scatterer range separation is leaa than one pulse
vtdtho ' ‘

(a) Actual range profile showing the overlapping component pulse returns from
the three point-gscatterers.

" (b) Profile of total power returns vs. "A/D nampling time of the targec-clutter
profile of Fig., 3-4a for three different illumination frequencies. :
(c) The high resolution range profile obtained as the DFT of the couplex samples

of the returns from a ftequency*atepped pulse ttaiu received from the target=-
clutter profile of Fig. 3=4a. :
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" will vary as a function of radar frequency fy. However, the average value

of Px, averaged over many different frequencies, will be proportional to

the sum of the cross-sections of the individual scatterers, i.e.

2] e

- N 2' M 2 .M _ .
.P - Zi Skl S 21’ Aj ‘ - uj Zldj {3-9)

k=1 3 .

The radar cross~section 0y of each of the j scatterers is proportional to

the reflected,power,‘hence Oj‘--é1 Ajlz. This situation is illustrated in
Fig. 3-4b for single-pulse returns from the target-in-clutter profile of

Fig. 3—4a as a function of sampling time. At any given value of sampling

-time the received power return from the given resolution cgll (Fig. 3-4a)-

varies from pqlseAtO‘pulse with changing ffequency, as shown in Fig.‘3-4b,
because of the interfetenée between the returns from the individual scat-
terering points (of the target and cluttér) in that cell. However, the
average power tetutn'over frequency ;s pfoportional to the comﬁined pulse~
shape weighted cross-sections of the three scatterers plus the clutter,
as 1llustrat:d by the dashed curve in Fig. 3-4b, In thiq'éase the target~-
to-clutter ratio is defined as the'ratio of the mean target return over -
ftequgncy to the mean cluttef tetuin over freﬁuency, and as in tﬁe single
target scatterer case, T/C is given by eqn. (3-2), Qhere thé_total target
cross-section is the sum of the indiviﬁual‘scattere¥’ctbss-seccions:‘ |
; : | . N , o
or = oy ' , : (3-10)
ER |
Now suppose that the freduency-agile pulse returns froa the tesolﬁtion

cell of Fig. (3-4a) are coherently processed, and the resulting resolution,
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Ar, is fine enocugh to resolve the 1nd1vidﬁal target scatterers, 04e For
simplicity, assume that the M individual target scatterers are ail of equal
magnitude o35 1.e. oy = g&-; The resulting high-resolution range profile
is 1llustrated in Fig. (3=4c). In efféét, vhat has happened‘is that the
extent, AR, of the single pulse raﬁgevresolution cell, has now been sub-
divided into I smaller range cells gaéh having a finer resolutién of

Ar = AR/I. Therefore, as before, the clutter return in each of the fiﬂe
;esolution cells is reduced by the_;eéolution'improvemént,factot.' in-other‘
words, if the clutter return from tﬁe original‘single-ﬁulse range resolu-
tion cell was C, the clutter return in each of thélfine resolutiqﬂ cells 1is

now C/I. Hence the target-clutter ratio of the returns from each of the

resolved scattering centers now becomes:

/™ '
- T/c(ar) = '((:;;T)‘)‘ - = - Lrcaw (3-11)

‘Hence when the target is composed of M discrete acattereré, all of which
are of roughly equal amplitude; and.the fesolution becomes fine enough to
1ndiv1dua11} resolve all of these scatterers, the contrast gnhancehent

ratio for coherent processing becomés:

I/MeT/C(AR)+1 - I |
* TT/C(aR)+ S (3-12)

Note that eqn. (3~12) reduces to (3f6) for the single resolved-scatterer

Ex

case (i.e., when M=1), Therefore, the contrast enhancement is reduced over

the single scatterer case roughly in proportion to the uumbér. M, of écat*

terers that become resolved. This tatget~c1utter contrast enhancement fac+

‘tor, Eg, is plotted as a function of resqlua}on improvement factor, I, in

?ig. 3-5 for the asymptoticlcaae‘ofllarge T/C. At lower values of T/C, the

dependgneé of Egon 1l 1s'similar,'excep;'tha: the values of Bp will be
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AFig. 3-5 Variation of target*clxla'tter contrast enhancement for the high
resolution’ range profile of an N-point scatterer target in clutter as a

function of resolution improvement, I, and number of resolved scatterers
(M<N) for large T/C. . o
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somewhat smallér in accordance with eqn. (3~12). As the resolution im—
provement 1ncfeases, so does the number, M, of scattering centers that
become resblved. Hence, the overall contrast enhancement ratio curve
shifts towards the asymptotic curves for higher values of M as I increases.
The ldcations of the exact transitions between the curves for different M
values will dépend_upon the &istribution of the locations of the M scat-
terers within the single-pulse range resolutioq cell. The transitions bet-
ween the curves for different values of M will not start to take place .
until I increases to the poigt where Ar is reduced to a value equal to the'
maximum scatterer separation. Hence, 1if the,Qcatteters are widely |
sepérated in raage across the cell, these transitions will start to occur
at low values of I, and conversely.

It should be noted that the contrast improvement ratios éiven.by eqns.,
(3-6) and (3~12) are premised on the assumption that the high resolution .
tbnge profile is not cofrupted by aiiasiag - i.e. that no extranéous
clutter returns are folded into thg profile. In other words, the frequency -
step size Af must be such that Af Y2t. This constraint will only be met
4f the number, N, of pulses in the train is such :ﬁat > 2I. In other

words, .in order eqns (3-6).and (3~10) to hold, the number of pulses in the

train must bg at least twice as gfeat as the indicated resolution improve~
ment factor I.

'In.summary. coherent processing of frequency-agile returne to‘ob:ain’
high rgsolution,range ptpfileg wili‘increase the contrast Qf the targé:v
téturns'telacive te the clutter.éppéoximatgly in ptopottion to tﬁe resolu~

tion improvement factor I, provided that the frequancy spacing, &f { lat, so
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same as that of the assoclated range profile, Ar, = <

AR

as to prevent folding 6f excraneoué glutter inté the ptbfile."when.thé
resnlution becomes fine enough to resolve the individual scattering centers
of the target, the contrast of these scattering centers varies é#préx;ma-—
tely in proportion to I/h where.M is the number of tesolvéd_scatteteté. '
Hence, as resolution increases to the point where the individqallta;get
scattereré become resolved, target contrast continues to increase with ;,
but at a somewhat reduced rate until all of the majOt'scatterets of éhe
tatgét have been resolved,. as Lllustratedbin Fig. 3-5. Once all of the
dominant scatterers have become resolved, contrast enhancement again
increases in direct proportion to I.

3.2 Effect of Noncoherent Processiqg:on taqggt-Clutﬁer Contrast Ratio

As was previously discussed in section 2.3, when coherent processing
of the returns from a frequency-agile pulse train is eitﬁef'uot possible or
not feasible, it 1s still possible to obtain thé auto-correlation function
of the high resolution range profile, rather than'the rangé profilé itself,

The effective resolution of the resulting auto-correlation function is the
2 Naf °
resolution improvement, I, defined by eqn (3~1) is the same in both cases.

Hence, the

Since the tesolution 1mprovement obt&ined fton incoherent processing
is the same as that obtained from cohetenc ptocessing, a reasonable
question is whother the tatgec'-clutter contrast ratioc of the tatget peaks
of the high—tesolucioa range-ptofile auto-eotrelation function also
{ncreases with 1ncreasing -esolation 1n the sa-e way as in the case'ot ‘

coherent processing. The answer is no.
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| In‘genetal, the target-clutter contrast ratio between the target pea:s
and the clutter backgrouhd level of the range profile auto—correlation
function will be less than tnat for the original unresolved target - i.e.,
less than T/C. waever, this contrast ratio does increase with 'increasing
resolution, but: at a much slover rate than in fhe case of coherent
processing. As a result, noncoherent proc;osing of ietnrns from frequency-
agile pulse traians is not nearlyvaa'effective in enhancing the detec~
tability of fixed targets. in grouad clutter as coherent processing is. The
basic reason for this ooiewhat surprising result is that the “clutter”
background level of the range-profile auto-c&rrelation function is propecr-~
tioral to the Erodutt of the asplitude of the target scatterers wi;h that
of the clutter in the feoolution‘cell - hencé, ao‘the amplitude of the
individual target scatterers 1néreaoel. so does that 65 the clutter
backgrougd level. A -ur; quantitative snalysis of this effect is given
' below. . | |

Again, cqﬁoidei the target-in-clutter model of Fig..3-ha, nnd|the

corresponding high recolhtion range profile of Fig.'ﬁ-kc. As previously
discussed 1n.Secﬁion 2.3, the function Ré(x) obtatncd‘by noncoherent pro-
.cessing of the returns frqq.a frequency-agile pulse crain'iq ihe~auto4
cor;e;ation of the high-resolution rnngc]pfofili, q(x), iilu-tra:ed in fig.
e, S : : . .
- In gencral;-bbtaiping an nnnlytiénl‘exptc-nlon for Rq(x)'QQr the case
of a diotrtpﬁﬁed target in clutter is dif!lcuft. However, & discrete
approximation to'thﬁ ;uto-corrnlatlon functlon.'kq(x). of'thg range profile
illustrated in Fig; 3~4c can be relatively nac(ly evaluated, subject to the

following ansﬁnpttonl.
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1. The target model ccnsists of M discrete scatterers distribuced
in range and having equal cross-sections, op/M, but arbitrary phases.
2. The separations between the target scatterers are non-equal and
unique f§t all ﬁair combinatioﬁs of the M scattercts,
.3. The distribution of the clutter within the sivgle pulse range
 resolution ceil 1s statisc;cally uniform.
4. The singie-pulsé range resolution celi AR is subdivided into 1
" ' equal subcells of range exteat, Ar = AR/I,.and the clutter return
from each of these subcells 1is a couple; Gaussian process that 1is
independent from one subcell to the next. However, the
-statisitics of the subcell clutter distribution are the same for
all subcells. ﬁpte that since each of the subcells are implicitly
resclved, 1 is equal to the resolution improvement ratio, coﬁ-
sistent with the earlier definition of I.
5. Those subcells containing the discrete target sc;tteters also coh—
tain clutter.
6. The effect of the relative attenuatfon of the ;etutns from.dif-'
fe;eﬁt sﬁbcelis due to th§ shape of the radar pulseims'néglected
= in effepﬁ a rectangular pulse shape is dasuﬁed. o
7. The regolution 1upro§enent ratio, I, is much greater than the effec-
<ive number of‘d1QCrgt; target lcuttefgrs. M. -
8. Boundary effects in the conﬁucatlon of the corrglgt1¢n function
I ‘ A _‘3 © are néglécted."The waximum separation between target scattérér.

' R is assumed small relative to the range extent, AR, of the cell, so

YT
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that the target profile is not offected by aliasing. Hoﬁeoer, the
‘range auto-correlation of the subcell clutter returns is assumed.
to be circular.

The discrete approximation to the. auto-correlation of the-raoge oto-
file 111uocrated in Fig. 3-4c is then computed as foliows; The high
resolution range profile of Fig. 3-4c 1is sublivided into 1 discrete range 4
bins, each of width Ar. The return from each dn is complex and 1s due_
either to . -‘ter, or to one of the M point scatterers of the target plus
cluttec. In accordance with assuaption 4, the clutter returns from each'
tubcell (i.e. bin) are independently distributed, with an exponeo;ial power
diottibutton that is the same for all I range subcells. The meoo va1ue-o£
the power return from che clutter in each range subcell 1is thus'C/I, where
C 1s the average clutter povwer returned from the entire'single»poise reso- '
lution cell, AR. The power return from each of the M target pciht scat-
terers is ot/H where o¢ is the total target cross-section. In accordance
with assumptions 1 and 4 above, the phase of the complex return fron each
of the I range subcells, whetiier due to the cluttet or target plus cluttet,
is randou and unifornly disttibuted over the interval -w. +n.

Let the. complex voitage return from the clutter in any subccil‘be
represented by: | o , |
| o q1 = ay LY R LR PTRRS ¢ : | (3-13)
the variable ay is Rayleigh ¢..tributed and the variab}o'oi_io uniformly
distriboted overo-w. +r . as uentioned-obove; for all subcella.l In the caoev

‘of a target subcell, q4 consists of the coherent sum of two terms; one for
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the target scatterer and the other for the clutter in that subcell, as

follows: . '
target return clutter return
o .
q = —b% elf¢ + ag eld (3-13a)

The amplitude of the target term is a constant equal to o6¢/M. The phase
of the target term is again uniformly distributed over —w,-+w.

Hence, in general, the expression for q{ may be written as?
, ‘ 0;' | . '
a1 = ag edd1 + = elBm §(1-4p) (3-13b)

where jp is the subcell location of the mth target scatterer and
1 =y

§(1=3p) = { .
0 1#3n
The discrete complex auto-correiation function of the M-point-scatterér
target-in-clutter range profile described by eqn. (3-13b) is therefore:

r o : ‘
Rq(k) = § a1 914k (3-14)
i=] '
where qi is given by eqn. (3-13b) and qq4i has been circularly extended:
‘q4=qj~1 for j>1; in accordance with assumption 7. ‘
The.auto-cotfelation function described by eqn. (3-14) is a random

function, bécause of the r#ndom'oétute of clutter returns used in the
‘model. Furthermore, Rq(k) is in general complex, except for k=0 where {it
is rgai and positive. ﬂowevek. as stated previousl} in Chapter 2, wﬁ are
primarily interested in the magnitude of this prbfile, [Rq(k)]. The
" statistics of the range auto-correlation magnitude profile, [Rq(k)| are

derived in Appendix A, The distribution of |Rq(k)| takes on three dif-

ferent'forms; as a function of k, as described in Table 3-1.
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: ' Table 3-I
Statistics of the Range Auto-correlation
Magnitude Profile

Distribution o Mean - Std. Deviation

o Value of k of [Rq(k)] of |Rg(k)| 0 of |Rg(R)]
. E 1. 0 approx. o gp¥C » C Y/ ———— *gee Note

1

' normal - = = ' = 1 below
s . [y 1426¢/C B rresre ey
N 2. k#0,k#jp approx. C, %r It c J/(aar) It
b, . -Rayleigh . - ) .
E - L /1+25-t/c (op/C)2 '
3. k+#0,k=§,, ©  .approx. c 1 + 7 - **gee Note 2
v Riceadn ) ' M ~ below
L-‘—A ' ...v ‘ . ' .
}. Note 1: The result for the standard deviation of ﬁi(O) cited here is based
: e

"upon the discrete target-plus-clutter model described earlier in
which it is implicitly assumed that the spacing betwecn target
point scatterers is limited to the integral muitiples of Ar, kAr,
where Ar=AR/1 is the range resolution corresponding to the pulse
train bandwidth and k<I is an integer. It can be shown that if
this assumption is relaxed, so that the separations between the

ey

. 2
B L N l
RN P

. . target point scatterers can take on a continyum of values less
. . : than AR, the standard deviation of Rq(0) (i.e., case 1) increases
to: ¢ /1 + 2(a£/C)+~!il(at/C)2. The additional term of (M;l) (ap/C)2

v

T

represents the contribution of the scintillation between the
returns trom different target scatterers with changing frequency.

" This additional term vanishes either in the case of a single scat- '

' terer or where all of the scatterer-pair separations are. integral
multiples. of Ar. Thus, in those cases the standard deviation of
Rq(0) reduces to the value given in Table 3-I. The mean value of
Rq(0) cited in Table 3~I is not affected by these considerations.
However, it 1s conjecturad that the mean and standard deviation of
{Rq(k)| cited in Table 3-I for cases 2 and 3 will also change in
proportion to the standard deviation of Rq(O) when M1, :

Note 2 The mean value cited for the Ricean distribution of ﬁhe target
peaks (case 3) iz an .approximation (see App. A). Note that it

reduces to within a factor ofv@? = 1,12 of the mean valuelof the

"
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Rayleigh distribution (case 2) when ¢,./C=0. The error in this
approximation decreases as o, /C increases. The standard deviation
of IRq(k)l for case 3 varies between a lower bound equal to the

Ot/c)
T )
{o¢/c) » 0, aud an upper bound of B;=1.53 By as (0,/C) + .

(1+2
standard deviation for case 2 (i.e., BL /(9-“)

when

lThe range profile auto-correlation function Rq(k) of a.typical mult;—
point scatterer target in clutter, cortesponding to the high resolution
range profile of Fig. 3-4c, is illustrated in Fig.“3-6. It ccnsists of a
main peak at k-O; that rapidly drops to a haékerund pede;tallfbr k#0, and
a number of target peaks that rise above this pedestal at values of k
corresponding to the individual scatterers pair separations. There. Is one
target peak for each unique scatterer-pair separation lacated at k-ljm-jnl,
wherévjm and j, are the'finejrange indices of the two scatterers comprising
tﬁe given scatterer pair. Herce 1flthe:tatget is composed of M discrate
scatterers the;e will be M(M-1)/2 unique scattefet-pait combinations and
the total number of target peaké above the hackgrouné prédicted will be:

Np < M(M-1)/2 : | (3-15)

The equality 'in (3-15) holds only when the M(M~1)/2 sqattéter pair separa-

- tions are all Lnique'within an amount equal'fo at least Ar, the resolution

of the range profile auto-correlatioh;fungtioq.

L SRR Laes e

In the case of Fig. 3-6, the three target point scattcrers afe_

labelled A,B, and C,: as indicated in the high resolution. range profile of

T s e v v

'Fig. 3-6a. Hence there arc also.3 peaks ( Ny= M(M-1)/2 = (3)(2)/2 ) in the

. corresponding range profile auto-correlation function of Fig. 3-6b. These

LA e gn

, peaks‘are labelled AB, AC, and BC, corresponding to the scatterer pairs of‘
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_Fig. 3-6 The high resolution r nge profile of 'a three point-scatteter .
target in clutter and the corresponding range-profile auto—cotrelation .
function (magnitudes only).

- - ‘ - (a) Magnitude of range profile Eroa Fig. 3=4c.
' : (b) Magnitude of corresponding range profile auto-correlation function. -
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Fig. 3-6a with which they are associated. Note that the distance of each
peak of the auto-correlation function from the origin in Fig. 3-6b, is

ejqual to the range delay separation between the corfesponding pairs of

' scatteters‘in Fig. 3-6a. Thus the location of peak AC in Fig. 3-6b is

'

equal to the range delay separation.between'gcétteters A and C in Fig. 3-ba.
The statistics of the central peak‘a: k-O, the level of the clutter
background pedestal, and the so-called “target peaks” of'Rq(k) were pre-
viously given in Table 3-1. The issue at hahd is how good these target
peaks in the range profile autOfcorrelacion function are as an indicator of
the presenge of a target in the corresponding rénge cell. In patticﬁlar,

how effective are such peaks as an indicator of target presence relative to

 using the ratio of the average amplitudes of the target-plus-clutter and

clutter only returns (obtained from different resolution cells) as a

measure of target-to-clutter contrast - i.e., relative to (g./C + 1)?

Note that the contrast between the target peaks and the clutter
background level of Rq(k)lis independent of the absolute values of both
the targe;‘qna c}utter return. As a.result, notmaliiing Rq(k) such that
Rq(0)=1, will not affect this céntraét. | |

The probability thﬁt the presence of a cﬁrggt peak in éq(k)rcan bg 
;eliabty detectedlig pfimarily‘deéendent upon the cpnttast'in.amplitude
betweén the‘mean value of that peak and the mean value of the background ofi

Rq(k). ‘Let the mean value of one of the “target peaks” in Rq(k) for an M~

. point 'scatterer target in clutter be P.. Let the mean value of the

corresponding background pedestal level by G. Then from Table 3-I:
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P, = C /(1 + 2(6¢/C))/1 + (op/C)2/M2 (3-16)
¢ = /775 (1 F Hog/ON/1 EREST)

" The corresponding contrast ratio between the amplitude of the target peak

and that of the clutter background level is then defined as:

i /r+ Z(O‘t'l/c.) + (O.t/C)ZI/MZ . (3-18)
G : w4 /1 + 2(0./C) '

Ihis targét-peak-to-backgtound coﬂtrast ratio for non-coherent ptoceséing
corresponds to ﬁhe resolved contrast for coherent processing given by eqn.
(3-12a).

For.high values of target-to-clutter ratio, i.e., oc/C_Z.ZP pnq for

(1/M2) > 4, this reduces to approximately::

Pe 11 ot ot :
—G-"»JIJN_ 1+-2-M—2—c ,-—6>2 ' (3-,.19)

As before, the target=-to-clutter enhanceunent factor is based upon the

relative target visibility before and after procedsing ~ on the combined

return from target plus clutter, relative to thst from the clutterlalone.
Before processing, the relative target visibility 18-(0t.+ C)/C, whereas
after processing it is (Pt)G) (the amplitude ratic of the target peaks to

che{backgtound”level). Therefore; the contrast enhancement ratio

for noncoherent broceesing is given byf

/G 1 ¥ 2 (ag/C) + (I/H2) (0p/C)2

Ep =

enhancement ratio for non~coherent ptécgsaing is a function of the

I R T e S R R R e G S 2 R T I e T AT G SN, S R R T

S/C + 1" (op/C + ) VaTh Z—/—"T, T+ 2(oc/C)  (3~20)

" As in-the coherent processing case, eqn. (3-12), this target contrast
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unresolved térget-to-clutter ratio (0¢/C), the resolution improvement fac;
tor I, and the number of fesolved ;catterers, M.

The above gxpression for tﬁe targét contrast enhancement ratio Ey is
plotted for several different values of (0 /C) as a function of resolution
improvement, I, for the case of two resolved scatterers in Fig. 3-7.

The most significant feafufe of these curves is that in contrast to
the coherent processing cace, the targe§-c1utter contrast enhancement fac-

. tors are all less than unity (have negative dB values) for values of reso-
lutisn improvement, I, less éhaq'about 64. This means fhat the "target
peaks” in the rahge profile aqto-corrélacion function willlgenerally be
lass discernable from the baékground;clutter level of that function than
the frequency-averaged targetgélus‘cluﬁter reth;n amplithde would be from
the mean value of the surrounding clutter. . The visibility enhancement fac—~
tors do increase as the resolﬁtion becomes finer['ﬁut at a much lower rate
than in the case of .coherent ﬁfocessing. Asymptqtically, the contrast-
enhancement ratio increases oﬁlylin proportion to YI rather than linearly

' with I as in the case of coherent processing. |

Note th;t 1n-e§ﬂ (3-19,. 20)‘£he'resolﬂtion improvement factor, I, and
the number of resolved scattegéta, M, only appear together in the term | ’
{I/Mz). Héngé, Pig. 3-7|for ﬁhe case H-2.éah be used to obtain the target
contrast enhancement ratio fat any value of M, mareii‘by defining an

'equivalent value of I as follows:

I+ = 4G . o (3-21)
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where I and M are the actual resolution improvement ratio and number of

resolved scatterers, reapecrlvely, and I* is the equivalent value of I to

. use in Fig. 3-7. it can be seen that, as in the coherent case, the contrast

enhancement ratio decreases as the number, M, of resolved scatterers

*  1ncreases.

It is also useful to plot the contrast ratio, P¢/G, of the target peeks-

'above the background clutter level as a function of resolution 1mprovement.

Such a plot is illustrated in Fig. 3-8 for the case of a two-scatterer
target. Assume that the target peaks have to be at least 3 dB above the

average background level to bevconsidered visible. The value of

single-gulse T/C. required to attain this level of contrast at any given

value of resolution improvemenr can then be obtained froa Fig. 5;8. For
example, in order for the mean velue of the—"target peak” of a two-
scatterer target, for which T/C = 0 dB, to attain a level 3 dB above the
background, a resolution improvement factor of at least 32 is required.
egaln, the target peak,/background cortrast ratio for values of M other than

2 can be obtained from Fig, 3-8 by using the transformaticn defined by eqn

: ‘(3‘21)1

- In summary, the application of incoherent processing to obrain a high

-resolucion range—profile auco-eorrelatlou Eunc:ion does not generally

enhance the contrast ot visibility of a target against the clurter

background. 5pecifically, positive enhancemenc of cargec-clucter contrast
is only realized for resolution 1mptovement ratios of 32 or greatet. At

lower values of resolution 1mprovement. target-clutter contrast is actually

degraded, with the amount of degradation 1nereaaing with T/C. The reason
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for this phendmenon is that theyclutcet ba. kground level of the auto-
correlation function, 1zainst which the taiget peaks are contrasted, con-
taing a component proportional to the product of the t;rget and clutter
reflectivities. As a result, this background level also';ncreases with
target size. 'Although chg.ayount of éonttast degradation increases with

T/C, it is generally not an issue for strong targets, i.e., T/C > 6 dB,

"~ that are sérong envugh to be visible anyway, despite this degradation.

Howéver, for weaker targets, for which T/C is between 0 and 6 dB, the
resolution improvement vrovided by the §ulse train bandv;dth should 'be at
least 32, in order to keep the degradatibn in target-clutter confrast. to
less than O 48 (for a two—gcatterer target).

The principal ‘advantage of incohereut processing is that it does nnt
require motion compensation and is therefote'very robust. Uncompeusated
target motion does not affect the form of the resuylting range profiie aute~

correlation function, nor do the A/D range~sampling strobes have to be

. synchronized with the varlable frequenéy source to insure that the logacion

of the target peaks in the auto-correlation prof.le is unambignous.
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4.0 SIMULATION RESULTS FOR RANGE-PROFILES AND RANGE-PROFILE
AUTO-CORRELATION FUNCTIONS OBYAINED BY PROCESSING RETURNS
FROM FKEQUENCY-STEPPED PULSE TRAINS '

-Chapter 2 demonstrated how high-resolntioh range-ptofiles and £ange-
profile auto-correlation functions could Se obtained by coherent .and nonco-
herent processing, respectively, of the returns from a frequency-steppéd
pulse train. It was shown that in both cases the resolution of the resulting
profile was equal to the reciprocal of’thg'phlse train bandwi&th, NAf,'and'
that in order to avoid aliasing or ambiguiﬁies in the'reaultiﬁg profiles,
thg interpulse frequency spacing, Af, had to be chosen no greater than one-
half the radar's single pulse bandwidth 1;é~ Af £ lor. Furthermore, when
the pulse-train frequency was linearly stepped (coﬁsfént Af), ﬁhe reqﬁired'
processing in both cases could be implemented in the form of a DFT. The
only difference between goherent and noncoherent processing {. that in the'.
formér, the DFT of the complex pulge feturne (aﬁplitude and phase) is taken
while in the lattef, the DFT of the sqdafeﬂ-magnitudes of those returns ié
taken. Finally, it was shown that relative target fadial’velocity has no
effect on the range profile éuto-cortelaﬁioﬁ function obtained bﬁ nbnco*

herent processing, but that ir the'cohereucbéase. unless motion compen~

"sation is applied, the effect of such velocity will be to. shift and blur

the resulting high resolution range profile.
In chapter 3, the effect of such processing on the contrast between
the target and the clutter background in the corresponding profile was exa~

mined. In both cases, target viubility \eﬁa shown to increase with the

resolutfon improvemunt, I = Nofr, provided by the bandwidth of the

freq‘uency-steppéd pulée_ train. Spectfically,,in the ccherent case, tﬁe
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vigibility of the tavget in the range profile was shown to Increase

directly in'proportion to I/M, where M 15 the number of resolved scatterers
appearing in the profile."As a result, signiflchu; increases in target
visibility can be realiéed by Qsing coherent ptocéssing. In contrast, it
was shown that noncoherent proccssing generally results in a degradation of
target visibility in thg range profile auto-correlation fuaction, unless
the resolution improvement factor, I, is iarge enougﬁ such that the factor
(I(Mz) is greater than:ié.

The pur#ose of this chapter is to illustrate some of the results
that were derived in tﬁe preceding cha#ters in terms.of ;ctuél high-
resolution range profiles an& range pfofilé auto-torfelatiqn functfons.

The profiles used to demonstrate these results are obCained by processing

- simulated returns from frequency-stepped pulse trains. . .

The simulated stepped-frequency pulse train returns to be processed

" are generated by means of a Monte-Carlo simulatfioan of the radar returns

from a specified target against a clutter hﬁgkgroand. The high resolution
range profile and 1:5 aﬁtp-corrglation fungtion'are then obtained by pro-'
cessing these simulatéd returns using thg‘methods described in chapter 2,

4.1 Description of Simulation -

The computer simulation for generhcing the high-résolntion range pro=

file. and its auto-correlation, using the iadnr yetdtnh from a frequency~-

stepped pulse train, consists'bf the following three parts.

1. Modelling of the target~plus~clutter tadar_reflectivicy distriby~
tion over the extent of the radar's sinsle-pulse4tangé-az1nuth

resolution cell.
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target-plus—clutter radar reflectivity distribution defined in 1.
at each of the N frequencies used in the pulse train.

3. Generation of the single-pulse-width high resolution range profile
by taking tﬁe FFT of the tésulting N stepped-f:equenc& complex‘
pulse returns, and the corresponding range prufile auto-
"correlation function by ;aking the FFT of the squared magnitudes
of those pul-e returns.

The reflectivity distribution of target and cl#ﬁter within thé radar's
single pulée tange*azimuﬁh resolutiou cell is mwodelled as follows. The
single pulse resolution cell 1s subdivided into 2048 subcells by sub-
dividing the range exteat of the cell into 128,5u$¢e113 and its azimuth

extent into 16 subcells, as illustrated in Fig. 4~1. The total range

extent of 128 subcells actually corresponds to two 6 dB pulse widths, so as

to include any returns from the tailg of the pulse ghape. Each of these
2048 subcells is assumed to contain clutter which is mbdelled as an inde-
pendent complex Gaussian process for each cell. The bati;nce of this
clutter process is uniform for all subcells and s choaen such that thé

total clutter power received froam all ZQAB subcells is unity. The target

. is modelled by a collection of point scatterers. The ﬁnplitudes and sub-

cell locacions of these target scatterers are input variables to’ the simy~

lation. The phases of these target point scatterers are randoaly assigned.- '

The complex ‘reflectivity of each subcell‘is then weighted by the pulse

shape and beam shape profiles as a function ot the subcell location. For,

, the aimulacion results to be presenced, the pulse - shape ptofile was asauned
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Fig. 4-1 A single-pulse range-azimuth resolution cell subdivided Lrit'o 2048
(16x128) range-~azimuth subcells. The scale is distorted to emphasize the:
greater degree of subdivision in the range dimension.
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Gaussian across the range extent of the ceil,‘and the beam shape uniform
over the azimuth extent of the cell.

The target-to—clutter ratio is defined as the ratio of the total
received target power (the sums of the squared ﬁeighted amplitudes of tﬁe
target séatteters) to the weighted total clﬁtte: power.

» The complex pulse return at each frequéncy is formed by coherently
summing the weighted complex returns from eﬁch of the 2048 Qubcells. This
process is then repeated at eacﬁibf the N frequencies used in the
‘ftequency-scepped pulse train. The tesultihg set of‘N'frequency-diverse
pulse returns is then Hamming-weighted in order to suppress the range side-
lobes in the gigh~resolution ptbfile to Se gengraﬁeq.

The high resolution range'profile o£~the celi is then obtgined by per-
forming an N-point FFT on the N yamming-weighted, frequency~diverse,
‘compiex pulse teturns: Since the output of the FFT is genérally complex,
.the‘actbal rénge p;sfi}e is obtained as the magn'!tude of the'FFT,output.

Similarly,'the range profile guto—correlation t+nction is obtained by
performing an N-point FFT on the‘Hamming weighté¢ squared4mign1tudés of
these complex pulse returns. Although the FFT input is purely real, 1h.
this case, the‘output of this FFT will aéaiu genetally be compléi. ‘Hence
the actual tange-ptofi}e aﬁto-correlétion funetion 1s-agaln'obta1ne§ as the
ﬁagnitude.bf the FFT output. Noﬁe that.the only difference’ between ‘
generating the range'ptﬁfile and its auto-correlatibn_iQ tﬁat to obt;in:thel
auto-correlation ptofiie! ;he”F?T is taken of the squérgd m;gnitudes of thé
complex pulse returns tathg; than of the complex retufnsAthemseIVeé.

s;tictly speaking. the t#hge-profi;é And 1ts auto-correlation are the
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complex outputs of the cofresponding Fourier transforms. However, we are
interested only in the magnitudes of those profiles. Hence to avoid con-
fusioq'with the complex profiles in the'sequvl,vthese magnitude profiles
will be called the range magnitude profile and the range auto-correlation
mageitude profiles, reséectively. It can be shown that for the case of the
postulated clutter random process, the expected value of the range auto~-
correlation ﬁagnitude’profile is equal to the auto-correlation of the
expected value of :he range magnitude profile.

Note that because éhe clutter ﬁodei used in the simulation is a random

process, ihe megnitude profiles that are output by the simulation will also

" be random processes. An egtimate of the mean value of each magnitude pro-

file can be computed as the sample mean value of that profile hy averaging
the sequence of magnitude profiles obteined from K independent trials of
tee simulation. An estimate of the variance of eech profile can be sfmi--
larly oetained as the sample variance of the profile computed from K inde-
pendent trials.

| Therefore, the above described siﬁuiatidn is repeated K times and the
K'resultlng profiles are averaged to obtain the sanble mean ahd.sample

s:andatd deviation of each of the Cwo magnitude profile functions. For the

,results presented here, K. = 30,

The reaulting sample mean values ef the range nagnitude profile and the
raange auto*cortelation magnitude p:ofile{are then plotted as a function of
réege|and.raege separatioe in pqlse widths, respectively. In addition to
the sampie mean, these plots also show the value of the sample mean plus:

three times the sample standard deviation. This lacter quantity 1is
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displayed in order to portray the expected variatiom of the profiles about

their mean value.

4.2 Simulation Results

Simulation results for the range magnitudé ;nd range auto—cotrelatiﬁn
magnitude profiles, computed using the model described 1nAsec£ion 4.1, will
be presented for the following cases.

1. Cluttet'ouly.

2. A stationary two-point-scatterer target in clutter at various
‘target-to-clutter ratios.

3. A stationafy three-point-scatterer target in clutter.

b, A stationary two-point-scatterer in clutter, observed by'a moving
radar, at various values of uncompensated tadial velocity. '

5. A moving two-point-scatterer target in clutter for variOus values
of uncompensated radial velocity. '

Each of the mean-value and mean-value-plus-3-sigma profiles
illuétraced repregsents the sample mean of 30 1ndependent trials of the
~simulation. The profilea are plotted in terms of the following dimen-l
sionless parameters: profile amplitude 1n d3 vs. fine range or range
separation in pulse widths. '

4.2.1 Clutter Profiles

The.tapge magnitude and rang; auto-cotrelation iagﬁitude profiles for
the c;eé where thglradgt éesolution'celi ;ontaina only uniform clutter'are
iliustrated in Figs. 4~2 and 4-3, for the case of a &4~frequency pul_se" train
with a frequencf separation between pulses of 1/2 the single pulse bahqwidthQ
This frequency-separation insures that the fesulting profiles will not be
_corrupted by the effects of aliasing.' Hence the resolution 1upt6vemenf

fsctorl(t.e.'pulbe train bandwidth ratio) for this caaé'iq h&(Qﬁ) - 32,
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" Fig. 4~2 The sample-mean and the sample-meaa~plus=3g of ﬁhe high i'ange

resolution magnitude profile of clutter only within a single pulse resolu~
tion cell. The profile shapes are approximately that of the assumed
Gaussian pulse shape. Resolution Improvement Factor I=32, »
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The high resoiution_range magnitude profile of ehe clutter‘only return
illustrated in Fig. 4;z feflects'the‘causs;an pulse sﬁape used in the simu-
lation, It caﬂ be seen ihéﬁ the' 6 dB width of this profile {is apptoxiﬁately
one pulse width w;de as .expected. Fu;thermore, note that the profile of
the sample-mean-plus-thfee-times-the-samﬁlefscandatd-deviation is approxi-

mately 8 dBAebove that of the sample mean profile. This 8 dB differential,

which is uniform over the entire pulse shape, is a consequence of the fact

that the cluttef'ampiitude is Rayleigh distributed. Since the pulse shape
prufile is due to ;he return frcm clutter, the value of that profile at any
point will alsd;be a Rayleigh distributed random variaﬁle. It can ba
easily shown that the standard .deviatior and mean value of the Rayleigh

distribution are relaced by:

o E

vz - W

. Hence the ratio of the mean-pius-3-times-the-standatd-deviation to the mean‘

is:
| uztiaz 1+3F_-257

u

Since the high resoluticn range profile is an amplitude, rather than a
power'profile, the value of thie ratio in dB 1is given by:

20 log(2. 57) = 8, 19 ds

which is 1n good agreement with the observed result in Fig. 4-2 that the
mean-plus~3-sigma profile is uniformly about 8 dB above the mean profileJ

. This phenomenon wili elso be evident.in the subsequent profiles of targets

in clutter.
The corresponding range auto-correlation magnitude profile is shown

in Fig., 4-3. It consists of a peak at zero lag. then a gradually




decreasing pedestal out to a lag of one pulse width. The heighg.of the
peak above the pedestal appears to be about 7.0 dB. This is confirmed by
the theory cf section 3.2 Qs follows. The height of the ﬁeak at zero lag
corresponds to the gotal power in the cell, which in this case 1s just C.
The height of the clutter background pe&estal, G, is defined by eqn. 3-17,,
which- for the cése.of no target (op = 0) reduces to

e ../',',7:77%, » R (4-1)

Hence the ratio of the pedesthl height in Fig. 4-3 to the peak value is

3

Since I = 32 for the profile of Fig. 4-3, the pedestal level should be
1//32 of the peak, or 7.5 dB (10 1log/32) below the peak, which is 1§‘good
agreement with tﬁe obsecrved value of 7.0 dB. The'height of the pedestal'of
_the range suto-correlation magnitude profile below the peak will differ
;o;ewhat from the theoteticél value bbtaihsd from eqn. (4-2) because egqn.
 . (4-2) 1s premised on.the assumption of a u‘i£0tm pulse ehape, whereas a
Gaussian puise Shape was used inlthe simul tion.,énd also becguse of the
‘effect of th; Hamming-weighting used in th siﬁuletion. In general
_however, the range auto-corrélatioﬁ,gagnitxde profiles fof clutter will
have the_shgpe shown 1n Fig. 4=3, with the| relative heigﬁf'of_the‘pedestal
, decteasing in proportion eo :he'squa£e tqot'bf the pulse train t;solution
improvement ratio, as indicatéd byveqnf (4+2). '
As iﬂ the case'of ;he range profile, the mean-plus=3-sigma ptofilé for

the clutter pedestal is seen to .be uniforamly about 4.2 dB above the mean.
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profile at all values of range separation outside of the mainlobe. This
is again a consequence of the fact that the probability distribution of the
magnitude of the range auto-correlation function pedestal (tha region out-

side of the mainlobe and excluding any target peaks) is approximately

Rayleigh, as previously discussed in Section 3.2. However, the dB figure

for thig offset is now only half of that for the case of the range profile,
since the auto-currvelation fuﬁc;ion has unitQ of power (amplitude-squared)
rather than amplitude. Thus the factlthat the mean~plis-3-gigma préfile is
uniformly ;bout 4.2 dB above the mean value of the pedestal, at all points
of the pedestal, confirms the analytical result obtained iu Section 3.2
that the pedest#l amplitude 1is approxima:el& Rayléigh distrisuted.

4.2.2 Simulation Results for a Stationary
Two-Point Scatterer Target in Clutter

‘_ Consider a target consisting of two equal amplitude point scatterers
that are sépatated by one quarter pulse-width in range. Lé: this target be
symmetrically located about the center of the radar's single pulse tghge
resolution cell. ‘et ;‘e ;mplitudés of thesc twolécatteretp be such that

the average unresolved target-to-clutter ratio of the combined retura

‘(averaged oﬁet frequency) froi both scatterers in that cell is abuut 3.7 dB.

The high resolution range and range auto-correlation naghitude profiles of

: this tatget-cluttér combination are illustrated in Pig. &4~4 and r;g. 4-5.

‘for a resolution improvement factor of 16, and in Fig. 4-6 and 4—7 for a

teéolucioh-improvement actor of 64,
The high resolution range magnitude profiles of Figs. 4~4 and Fig.4-6
clearly resoive these two target scatterers into the two peaks of the pro-

file, separated by one-quarter pulselbidchvand symmetrically located about
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the center of the pulse shape. The average neight of the two target peaks '
above the mean of the pulse seaped'clutter profile shculd be equal to the
resolved target-plus-~clutter ratio: T/C{Ar) + 1 = (lI/M) T/C(AR) + 1 (see
een. 3-12). 1In the case of Fig. 4-4 for I =16, the eeak heights of the
target responces are. seen to be about 11.5 dB above the_puise shape. The
theoretical value of the resolred terget-plcs-clutter to clutter ratio for
thie case is (I/M)i/C(AR) +1= (16/2)(2.34) +1= 19.8 = 13 dB. This

' figure has to be corrected for the processing loss of 1.34 dB due to the
Hamming-weighting used in the simulation. When this correction is made,

" the resulting theoretical velue of the relettve anplitude of the profile

peaks above the clutter is found to be 11.6 dB, in excellent agreement with

the observed value of 11.5 dB.
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P

Similarly, in Fig. 4-6 the two target peaks are seen to be about 17.5 dB

l

above the clutter profile for I=64. ' In this case the theoretical resolved

target—-plus-clutter to cletter ratio 1s 18.8 dB. Again, subtracting the

e,
’

processing loss for Hamming-weighted of 1.34 dB, the expected height of the

Ll

target peaks ebove the clutter is 17.4 dB, which is in excellent agreement

S
. e -
»

-
*i wich the observed value of 17. 5 dB.
I{? ‘In‘the-correspcuding range autovcorrelation’ﬁagnitude_profiles'of
Pig. 4=5 and 4-7, the peir of target-pcint scatterers is represented by the

Silel

aingle peak located at a range displacement of 14 pulse width, correspcnding
to the range separation of the two ecet'erere. The observed contrast

enhancement ratio is the difference between the average level of this'peak
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abeve the clutter background pedestal and the slngle-pulse target-plus-—
clutter to clutter ratio. ‘In Fig. 4~5, for I = 16, anu T/C = 3.7 dB, the
peak height above the pedestal 15 seen to be about 3.0 dB.

shis is in reasonable'agreemeut'with the rheoretical value of target
"peak leval above the pedestal of about 3.4 dB, for 1 = 16 M =2 and T/é'-
4 dB, obtained from Fig. 3-8. Similarly in Fig. 4-7, for I = 64 and T/C =
3.7-dB, the observed value of the average target peak above thevpedestal is
seen to be about 6 dB, whereas the theoretical value of the target peak for
these parameters from Fig. 3-8 is about 6.2 d3. Again this is in reaso-
nable agreement with tue observed'value of 6 dB; The small dlffetences in
the target peek contrast between the theoretical values obtained from Fig.
3-8 and the slmulation results of Figs. 4-5, 4~7 are due to the following 2
effeets. ln contrast to the theoretical analysis, the simulation uges
Hamﬁing-weighting'and assumes a Gaussiau pulse shape.' The effect of
Hamming-weighting 1; to lower the tatget peaks, while the use of a
Gaugsian, rather than a uniform, pulse shape slightly lowers the value of

the pedestal.

The final example ia intended to illustrate the difference between

coherent and incoherent processing in detecting targets at very low tatget

to clutter ‘ratios. The rangea magnitude and range auto-correlaton mangitude

: protiles are again computed for the same two-scatterer ta:get model as
'befote, but at 3 relatively low target=to-clutter ratio of about -2 dB, and

using a 64~ftequency pulse train having a resolution 1mprovement factor of 32.

The range magnitude profile for this case is illustrated in Fig. 4-8.

Although the unresolved target*tp—clutter ratio is oaly -2 dB, coherent
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Fig. 4~8 The sample-mean and sample-mean-plus=~3g of the high resolution
range magnitude profile for a two point-scatterer target in clutter.

T/C ==2,07 dB, Resolution Improvement Factor I=32, scatterer separation is
0.25 pulse width. : ' ' :
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. Pige 4=9 The sample—neaa and sample-mean-plus-3¢ of the high tesolution .
range auto-correlation magnitude profile for a two point-scatterer target
in clutter. T/C =-2,07 dB, Resolution Improvement Factor I=32, scatterer
separation 1is 0.25 pulse width, Note that the target peak at Ar -0.257: is
barely discernible from the clutter background.
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processing raises the average value of the target peaks to a level of about
7.5 dB above the mean clutter level. The theoretical value for the

contrast between the rasoclved target peaks and the clutter background is
again given by: (I/M)T/C(AR) + 1 = 32/2(0.63) + 1 = 11.08 or 10.4 dB, less the
processing loss due to Hamming-weighting of 1.34 dg, or 9.0 dB,Islightly

more than the value obtained froe the simulation. Note that although the
presence of this small target (T/C=-2 dB) would be scarcely visible against

the clutter in the unresolved case, the resolution improvement provided by

coherent ptocessihg really makes the presence of the two scatterers stand

out above the clutter in the resulting high resolution profile.

The corresponding range auto~correlation profile for this low

target—clutter case is {llustrated in Fig. 4-9. 1In contrast to the high

resolution range profile.of Fig. 6-7; the target peak located at the
quarter pulse-width point 1n the range magnitude auto-correlation is barely

discernable from the clutter background pedestal. Its level appears to he

.about 1 ds.gbove the clutter background pedestal, which is on the same order

as the residual noise in the uample-ueen eeplitude of the pedestal. This

is in teeeonable asreeuen: with the theo:eticel vnlue of the target peak '

.level of about 1. 7 dB obtained from Fig. 3.8 for the 1nd1ceted valueu of

I M, and r/c. Thie exanple clearly shows che 1ncteeee in target contrel:
at low veluet of T/C provided by coherent proceleing relacive to that pro=
vided by incoherent proce:sing. |

4.2.3 Simulation Reeults for a Stationary Three-?oint—Scatterer
Target in Clutter

Conlidet 4 target coneieting of three equel emplitude point-

,ecacterere, poeitioned in tenge such that their ‘range eeperationt are
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non-equal. Specifically, let the first»scatteret be located 1/8 of a pulse
width forward of the center of the pulse return, the second 1/16 of a pulse
width aft of the ceﬁter, and the third 1/8 of a pulse width aft of the
center. Consequently, the range‘sepatations for the different scatterer-
pair combinations will be as follows: 3/16 pulse ﬁidth between the first
and second séatte:ers, 1/4 pulse width between the first and third scat-
terers and 1/16 pulse width between the second and third'scatterers.

The corresponding high resolution range magnitdde profi}e of this
three-point-scatterer targét in clutfer is illusitated in Fig. 4-10 for

T/C = 5.84 B and a resolution improvement of I = 64. The target peaks are

mseen to all be about 17.5 dB above the pulse-shaped clutter background pro-

file. The theoretical value for the contrast bet.een the resolved target
peaks and the clhtter back in this case is (64/3)(3.83)+1 = 82.85 or 19.18
dB. When thié is corrected for the 1.34 dB Hamming-weighting loss, ﬁhis
theoreiiéal‘result is again in excellent agreement ﬁiﬁh the observed value
of 17.5 dB.

The cortesponding‘range auto-correlation magnitude ?tofile is
illustrated in Fig.,é-ll. There are three peaks corresponding to the three
unique values of range separation between Qny two of the tﬁ;ee-poinc-scatQ
tetets of the target. épgcifically.'since the targéé.scactererq are 7
located at ranges qf.-IIB'pulse width, + 1/16Ipulse width and 41/8 pulse
widéh;Arelative to ﬁhé cédter‘qf :hg pulse return, the ¢otrespoqdihg range
separatibng be;wgen them are 3/16, l/k.ﬁnd l/lbvof a pulse width. It is at
these values of range sépata:icn that the target peaks of. the range auto=-

correlation prcfile shown in_Fig;'A-lllate ;occted.‘~rha height of these
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Fig. 410 'me sample mean and sanple-mean=plus=-3g of the hlzh resolatton
range magnitude profile for a three point-scatterer target in clucter.

T/¢ 5,84 dB, Resolution Improvement Factor I=64, scatterer _separations .

are: .078 pw, .172 pw, and 0,25 pw.
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th. 4~11 The sample-mean and sanpleﬁmean-pluu-3o of che high resolution
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in clutter T/C =5.84 dB, Resolution Improvement Factor I=64, scatterer
separations are 0.078 pw, .172 pw, and 0.25 pw. ’
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target peazks above the clutter background pedestal is seen to be about 5.2
dB. This is in.good‘hgreemeﬁt eith the theoretical value of 5.5 dB obtained
from eqn. (3-23) for the current parameter values of I = 64, M= 3 and T/C =
5.84 dB. This predicted value of the target peak above the pedestal can
also be obtained from Fig. 3-7 for the two-point scatterer case by using

the equivalent value of i'for two scatterers, eqn. {3-Z1), computed as follows:

*
-—- 2 = 2 = 2 .
Iz (2) (3 (2) 8.5

in general,‘the nunber, Ny, of discrete target peaks appearing ;ﬁ the
range?auto-correlarion nagnitude profile wiil be less than or equal
H(Mel)/Z, where H'ie the number of discrete point gcatterers comprising the
target and M(M~1)/2 is the number of different pair combinations that can
be obtained from M different objects. The actual'nunber of target peaks
obtained will only be equal to M(M~1)/2 if the scatterer range eeparation'
‘18 uniqee for cach of the M(M-1)/2 pairs of M point scatterers as in the
preceding example. ' o

In eontraat, consider the eace ehere the three-point-tcattereto of the
target are uniformly opnced in range 1/8 of a pulse width apart and sym~
netrtcally located about the center of the pulse. The high reoolution
range amplitude profile for this case is illustrated in gig. 4=12, As
before,'the[three target peaks‘correepondiqg':e these oeutterern'lrd
clearly v1e1ble in this-high reaolutién.rnnge profile. |
- The correnponding rungc euco-correlation amplituie protile is shown in
Pig. 6-13. However, now there are only two target peaks rather than three, }

one at 1/8 pulse width and the other at 1/6 pulse width range separation.

O : - 110,
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Fig. 4-12 The sample-mean and sample-mean-plus~3g of the high resolution
range magnitude profile for a three point-scatterer target im clutter
T/C 5,84 dB, Resolution Improvement Factor I=64, equally spaced scat-
terers, scatterer separation 0.125 pw.
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ciutter T/C =5.84 dB, Resolution .mptovement Factor I=64, equally spaced
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Also, the peak at 1/8 ﬁulse width separation is 1.5 dB higher than that at

1/4 pulse width. This happené because the three scatterers are equally
spaced 1/8 pulsé width apart. Consequently, two of the possible three
scatterer pairs'bothvhave ihe same range‘separatiqn of 1/8 puise'width 9nd
as a result, the amplitude of thé iatget'peak in the auto-correlation pro-
file locatedlat 1/8 pulse width is about 1.5 dB higher than ﬁhat at 1/4
pulse width fange separation. The "double™ peak at 1/8 pulse Hi&th is only
1.5 dB highéf than that at 1/4 pulée width, rather than 3 dB higher, as
might have been expected. This happens because the contribution due to
multiple scatterer pairs haiing the same‘tange separation adds approxima-
tely as the square-root of the sums of the squares of the cross-sections
(o ¢/M) of the individual point scatterers, in accordance with eqn (3-20)
fof the target beak amplitude Pp. . Hence the;applitude.of a "double” peak

is approximately proportional to: .
,{és)z N
"\ M : M M

4,2.4 Bffect of Target/Radar Radial Motion

" As previoﬁély described in section 2.2.3, the two effects of uncompen=-
sated relative r§d1a1 motion between the tafgitl;nd the radar on the high-
- resolution tﬁrget range profiie are“a raage chif; proportional éo the
radial velocity, and é aispefaion of ‘the péofiln‘becausé of filq;t niamntéh
‘affects when the uncbmpensated velocity becomes sufficiently iatge. These

twofeffeé:s can be quantified'in terms of the dimensionless velocity para-

meter, P, defined by eqn. (2-36).
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also express the velncity induced rnnge shift defined by eqn. (2-31) in
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The range shift, Sy, due to uncompensated radial velocity, of the high
resolution profile was previously given in terms of the number of high

resolution bins by eqn. (2-39):

L =% -<p | (2-31)

where f, is the center frequency of and B is the frequency spread across
the pulse tiain. Since the high resolution range proiiles 111u3tr£ted in

this chapter are preéented in units of pulse widths, it is conveniént to '

those units. This can be done by noting that the relation between the
single pulse range tesolutiqn (i.e. the pulse width) and the high resolﬁ-
tion range subcelllwidth, Ar, 1is given by eqn. (3-1). ‘Therefore, combining
eqn. (2-31) with (3-1) gives the following result for the velocity indﬁced

range shift in units of pulse widths.

(4=3)

If one defines the dimensionless frequency'ratio: £, = £./B, then Syp can be’

' expressed in terms of the three dimensionless parameters, f;, P, and I as:

Sep = f27 S (4-32)

Furthermore, by using the definition of P given in eqn. (2-36) and the

' relation between the target doppler frequency and cirget radial velocity:

fd - 2“'"c'fc
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Srp can also be expressed in terms of the target-doppler freéuency and pulse

repetition intervél, T, as:

Srp = 1 fal | (4-4)

In eqn. (4-4), the product, NT, is the duration of the pulse train and the

ratio (N/I) is the pulse train frequency over-sampling ratio.

R
A oL — haruiy

: . The dispersion of the profile is strictly a function of the parameter

. P, and is gencrally negligible for values of P§3. These effects, of course,

disappear if the motion compensation phaae corrections are applied to the

e '4 'G

pulse returns prior to computation of the high resolution range profile.

As previously discussed in section 2.3, uncompensated radial velocity

generally has no effect on the range auto=-correlation profile, with one

exception, to be described in the sequél.

These effects are illustrated by simulation results .for a moving two-

17 S ChCaloi i rny g0 Sebtalng)

point scatterer target in clutter. The model of the two—point scatterer

target. in these simulations is the same as that used previous}& in the sta-

tionary target simulac;on of section 4.2.2.
| Two distinct Qaaes are described. In the fitst,.;ﬂe target is sta-

" tionary and the radar is mo#ing. In the séc#nd, éhe’radar'is stationary
anﬁ the target is moving fadially throughvthe clutter. 'Ihe essential dif-
ference between these two cases is that in-the first, both the target and
the clutter havevﬁhe sahe radi#l velocity rélative to the fadarg wﬁereas 1p

the second only the target moves relative to the radar while the clutter is

stapidnary.
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The high resolution.tange andttaoge auto-correlation magnitude profiles
for the moving radar case are illustrated in Fig. 4-14 and 4-15, respec-
tively for P = 0.5 and f, = 67. These profiles should be compared with
those for the corresponding stationary targ St case 11lcstrated in Figs. 4-6
and 4-7. It 18 seen that the high reeolution range profile of rig. 4-14 1s
merely a circularly shifted replica' of that for the otationary target case
shown in Fig. 4-6, whereas the range auto-correlation profiles ara sta-
tistically the same in Both the fixed (Fig. 4;7) and the moving target
(FPig. 4-15) cases, as expected. The shift ot the high resolution range -
profile (Fig. 4-14 telotive to 4~6) is O. 55 pulse widths as predicted ftou
eqn. (6—3a) for the given paranotets P =0. 5 £, = 67. and I ~ 64.

The simulation is aow repeated fot the case of a fixed radar with the
tatget woving through the clutter. for the same terget-clutter model. The
resulting high-resolutioo_tange and tange-euto-cotfelation ptofileo are

"i{1lastrated in Figs. 4-16 and 4~17. The difference tetween the h;gh
resolution ranée profile of Fig. 6-16 and that of Fig. 4-14 for the moving-
radar case is that in Fié..b-16 oaly the target response has been shifted,
whereas the high-resolution pulse-shaped clutter profile remains fixed.
‘This reflects the fact that the terget is noviug reletite'to the”clutter;‘
Note thet the anount of the terget respoune shift is the same as that 1in
P;g. 4-14, Futthetnote. because of thie relative motion between the target

and the clutter, the resulting ranga suto~corralation ptofile ot.!ig.-b—l?

(] is somevhat dlfferent from those of ?igs. =7 end 4=15., Eowever. the loca-
E; tion of the target peak in these anto~corre1etion profiles is the same in
-i@ all cases.
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Fig. 4=14 The sample-mean and sample-mean-plus-3¢ of the high resolution
range magnitude profile of a two point-scatterer target in clutter observed
by a woving radar. No motion compensation applied. As a result, both
target and clutter profiles appear shifted in range by an amount propor-
tional to the radar's radial velocity. Conditions identical to those of -
Figo b4~6., ’ .
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‘'Fig. 4~15 The 'sample-mean and eample-mean-plus~3g of the high resolution’

' range auto-correlation magnitude profile of a two point-scatterer target in
clutter observed by a moving radar. No motion compensetion applied.

‘ Counditions identical to those of Fig. 4~6. : ’ :
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range magnitude profile for a two point-scatterer target moving through
clutter, observed by a stactionary radar. Only the profile of the twe

target scatterers i3 shifted by an amount proportional to the target velo--
city. Conditions identical to those of Fig. 4-6.
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tical to those of Fig. 4=6.
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In suﬁmarf, an uﬁcompensated radial velocit} will first result in a
shift of the high resolution range profile, and if large enough, will even-
tually cause some dispersion of that profile. Furthermore, if there is any
radial notiou of the target relative to the ground clutter, the target
response will apyear shifted with respect to that of the clutter 1n the

resulting h;gh resolution profile. The clutter response in that profile :

'cen usually‘be identified by the fact that it has the approximate shupe of

the.'tr_"ans'nitted pulse. On the other hand, uncompensated radial velocity
appeers to hare no effect on the resulting high-resolutien rauge auto-~
correiation profile, unless there is significant.radial motion of the

target relative to tﬁe eurrourding clutter. However, even?ir that case, the
location of the target peaks in the profiie'appears unchanged, and the prin-
cipel-effect is to uodify'the shape ef the clutter background pedestal of

the auto-correlation profile.
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Appendix A

Statistics of the Discrete Range Profile
Auto-correlation Function
Consider a discrete high-resolution range profile, made up of I con-
tiguous range subcells. Each of the I subcells contains either clutter

only, or a discrete point target plus clutter. There are a total of U

discrete point taigets arbitrarily distributed over the I subcelis; where M

i8 less than I. The complex return from the clutter in the ith subcell is

given by:

q1 = ai ej¢1 i,-l,co. 1 o ' . (A-l) .

| where a; 18 a Rayleigh distributed random variable and L1 is a ﬁniformly

+ distributed phase snglg over =w,+s. . Similarly the complex return from the

point scatterer in the j th subcell is:

an - V\ejem . , m-l,-.. M : (A-z) \

.nere V is the magnitude of thé voltage tetutn ftom the mth scatterer,
which is assumed to be constant‘aud equal for all m scatterers, GQ i8 the
phase of the return from the mth qcatterer»jnd Jp 18 the subce;14location
1{ja<l of the mth lcaéterer. The target-phases,'en, are assumed fo be
_ arbitrary. ‘I |
' The diac;etq complex auto-rofrélation‘function of the'target-plul- :
‘slutter range profile described b§ (A-li and (A-2) 1s the:efore:] .
o . . ,
Rq(k) = ]

i

* ' ' L L )
q . - - (A=3)
p e l .

vhere q4 is given either by (A=1) for the subcells éontaining clutter only,

or by the sum of (A-1) and (A-2) for the M subcells that contain a
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combination of a discrete point scatterer plus clutter. When (A-l) and

(A-2) are svbstituted into (A-3) the following result 1s obtained.

I M ' : M ‘ : :
Rq(k) = 12 {(31 e~Jo1 + v X e~16m S(1-jp) ) (agex eldtsk + Vv z elfn 6(17’*"3:1))}
: =] m=] n=1

(a-3a)

1 =]
where: &(i-j) = {
' 0 1#j

Expanding (A-3a) and making use of the properties of the § function yields: -

I M L
Rq(k) = 121 ay agyy el (P1+k=¢1) + vmzl a3+« el (Op=dg k)

+V Z a3 ej(¢jm+k fa) + v2 2 Z ej(a ~0) a(j.,-jn+k) (A-4)
n=1 m=1 n=1 ,

It 1s seen that, in general, Rq(k) is complex; However, as will be
seen ahqrtlyf Rq(o) is real and positive, as it should be, sicce the value
of the auto-correlation of a function at zero lag is siupiy the mean-
aquared valug of that function. | |

‘The expression for Rq(k) given by (A‘k)‘c;n be decoupbaéd into three -
distinct components: 4 | ’

1. The auto-correlation between the rétutnl‘due to cluttzr only.

This is given by. the term Z ai 844k eJ(0t+k #1).
2. The crosa—correlation between the retutnl from the M target point
‘ocattereta and.clutter returns. This ;s-given by the second and
. third terms of (A=4) which may be luiﬁgd into a_atggle sun over
m=l, o0 M. - |
3. The auto-correlation between the target returns only. This is

given by the last term of (A-v), the doubic sun over m and n.
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Since the clutter amplifudes ai and the clutter and target phase
angles ¢4 and ej are all random variaoles, Rq(k) will be a random function -
of the parameter k. We desite to determine the statistics of the magni-
tude of this auto-correlation function, IRq(k)I As will be seen, the
distribution of |Rq(k)| and its statistics are functions of the corre-
lation lag k.

Specifically, the distribution of Rq(k) varies in accordance with

three different regions as follows:

1. k=0: the distribution of Rq(k) 19 this region is apptoximafely
non-zero mean normal for large I. |
2. k=j,~jp#0: the distribution of,IRq(k)I in this region is approxi-
mately Ricean. '
| 3. k#0 ana k# |jp=inl: the distribution of Rg(k) in this tggioh is
-approximately complex-normal with zero mean, for large If
Therefore the distribuéion of‘IRq(k)l is approximately Rayleigh.
Considetlfirst the case k=0. In this spécial case, the expression for
Rq (k) reduues to.

M .
Rq (0) - Z 312 +2v] . cos(emf¢3m) + Mv2 7 (A-5)
w=] ,

Since the aj are Rayleigh disttibuted,.the ﬁiz ;re e*pongutiall& distri~
buted. Therefore, because 6£ thelassuped 1ndepgﬁdence of the clucter
returns from different subcells, the distriﬁuéion of the first term of .
(A-5) is chi-gqhafed with' 21 degrees of freedom, which is ;pptoxiﬁately
normal fo; large 1. The mean value of the a12 i3 merely :hé cluttér power
returned from the ith subcell, which is the total clutter power divided by
' the number of range subcells. Thus, ‘ .

Elag?) = C/1. . - (A-6a)
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The sécond term has a complicated distribution but is zero mean.
However, when itvié added to the first term, the resulting sum will still
be approximately normai. The third term is merely a constant.‘ Furthermore
note thaf v2 is the power retﬁrnéd from a single point scatterer. Since '
each of the target point scatterers was assumed to have equal magnitude,
the power from each scatterer is simply the total target ctosg-section'
divided by the number of discrete point scatterers:

V2 = g /M | - : ~ (A=6b)
Hence the expected value of Rq(O) is: |

BRG] =T & + 0+ 8 5

E[Rg(0)] = C '+ a¢ (a-7)
or as expected, E[Rq(O)} is simply the sum of the mean—square clutter and
target power returned from the entire resolution cell. |

Tha2 variance ovaq(O) can be easily obtained as the sum of the varian-
ces of the individuai terms in (A-5) since all’thg terms are uncorrelated.
2 1 M '2 2 . | _—
mzl E(ajm ) E(cos (emf¢jm)) . (a-8)
Sigce the aizxate exponentially distributed, [Al]:
Vat(aiz) .'52(812) -'(C/I)Z |
Furthermotg for ém and ¢ in uniformly distributed ;an -w,+1'r, it followé that.':

Elcos(a5-05 )] = 1/2

Thus o 200= 1 D7 + 235 )
or g, (0) = c¢/(1F20/C)/T . o (A=9)

Bq
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Hence, when k=0, Rq(O) is approvimately normal with a mean value given by
(A~7) and a standard deviation given by (A-9).

Next consider the statistics of |Rq(k)| for the case where: k#0 and
k% |jg=3n!» where m and n are the indices of two distinct point-scatterers
of the target. ZIn this‘cnse, eqn. (A-4) reduces to:

-
Rq(k) = izl a; aj4i e (d14x—¢1)

T+ V Z (aj,-k e3(®m = 3p-k) + agpc eI (g 4k = 6n) (A-10) .
k#0, k#|ip=3q}

the last term in (A-4) vanishea because §(Jp-jntk) = 0 when k# [jg=Jn!.
The first term in (A-10) is the sum of products of independent, zero
mean complex normal random variables. -For large I, the distribution of

tnis sum term will be a zero mean, complex, approximately normal random

variable. The second tetm in (A-10) is the sum of zero mean, complex nor-
wal random variables. This follows because the ay are Ravleigh distributed
and the arguments of the complex exponential are independent of the ay and
" uniformly distributed. Hence the second term is its~lf a zero mean,
complex normal rv and 8o the sum of the two:tetms comptising Rq(k) has a
distribution that is zero mean, eompiex,'and approximately normal for -large
1. A zetc mean cnmplex notnni distribution 18 characterized by only a
single-paranetes ~ its variance. This variance ney be ensily foundlby
deeompo's,ing. Rq(k) into its real and.'inaginary'pattn and then .conputingf the
variance of either pattﬂ' Denote this variance as uxz. Taking the real
part of Rq(k): ‘I | |

Re[Rq(k) ] = 121 ay ag+k co8 (dg4x~dy)

M

+¥ T (aggen con (Bameg k) + g co8 (41 4x=8n)) (A=1D)
me ) , Co : .

Co S
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Because the aj and the differential phase anglgs in the above are all
assumgd to be independent r.v.s, all of the tefms in the above summation are
mutually independent, and therefore uncorrelated. In fact even if the ay
were not indepeqdent, the fact that the differential phase angles are and
that the expected values of their cosiﬁes are all zero would be enough to
guarantee that,thé individual terms in the above summation aré all uncorre-
lated. As a result, the variance of (A-1ll) is tﬁe sum of the variances of
the individual terms. Furthe:more; the individual terms are all zero mean

and the differential phase angles are independent of the ay, hence:

I M
o2 = 121 Elag2 ag3421(1/2) + V2 zl V2 (Elag 2] + Elag 42])
- ' me .

= 3 1 E2[a32] + V2 M E[ay2]

Firally since E[aj2] = C/I and V2 = g./M the above can be written as:

o0 = 3 c2 (1420¢/C)/T . : . (A-12)

which 1s-equai to exactly azgq(O)/Z (see eqn. A~9).

Hence we now know that when k#0 and k# [4n=in|, Rq(k) is a zero mean,
complex normal random v;riable whose variance is given by (A-12).
Consequently it follows that the magnitude [Rq(k)| 18 Rayleigh distributed

with meaa value qxﬁ—; and standard deviation 'anﬂc;-_'—l. Thus:

E[ |Rq(k)]] = /%-c /T 1+20,/C)/T S . (A~13a)
§lrg0)| = o € FGOTT - O ae13b)
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Einally, where k#0 and k'|j!‘n- nl’ the expression fot Rq(k) in (A-4) reduces
to that of (A~10) pl\lzs the constant term V2 e31(0y™8n), Thus if the
expression for Rq(k) given in (A-10) is designated as Q(k), the expression
for Ry(k) when k#0 and k=|3p=in| can be written:

Rq(k) = Q(k) + V2 o3 (8570, | ' (A-14)

where Q(k) is given by (A-10).

, However, we have previously establisiied that Q(k) haq a zero mean, complex

normal distribution with variance given by (A-12). Thus the distribution

of Rq(k) in this case is complex normal with a non-zero mean value given by

v2 ¢ (65784), Consequently, the distribution of IRq(k)l in this case 1is

‘Ricean [A2], with mean given by:

E[IRq(k)“ - 'IZZL ox e-V /40x

x
v R
+ quz I (4°x2” ' (A-15)

where Io(x)v. I;(x) are the modified Bessel functions of order 0 and 1

respectively: =~ Note that the term »”‘/2’:;,:2 can be expressed in terms of the

.target and clutter parameters as, follows:

(Ot/c )2

= V20,2 = rtearery G - (4-16)

This follows because cxz' {s the variance of the complex normal distrilbuti'on
of Q(k), and is given by (A*IZI). |
Equaiion_ (A=15) is extremely cumbersome to evaluate. However, useful

apptoximationa' can be obtained for the case where § 1is either vety"large or

-very small [A2]. '
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For the case where 8>1, a good approximation to (A-15) is given by::

E[[Rg()|] = o/ (1 +ll»—3); 8>1 _ (A-17)

. . On the other hand, for gdl, (A-15) 1is well apptoximgied by:

Eigg@o |l = /£ ¢ /Tae /T () 5 sa (a-18)

meée approximations can be put into a more convenient form by defining the
mean value of the background pedestal - i.e., the mean value of IRq(k)'I;

. B k#0, k¢ |jp=3n| as u:

= /oo [vze /o7t

\ x M
Note that in terms of u, B iy 2

=

and expressing the above approximations as a function of y and 8.
Thus the approximation for large 8 becomes:

E[|Rq(K)]] = u ﬂ::“;(l +'l'46-) g>1 . ' ' ' (A-19)

Correspbndingiy, the approximation for small 8 becomes.

E[|Rg()]] = u(148/2), Bl ' . j (A~20)

Note that (A-20) reduces to (A-13a) when 8=0; - in the sbsence of a target.
peak. ' _
' Am;ther possible approximation to tﬁe mean value of IRq(k)I at a tl.ltget »
pe#k'locat:lon is to apﬁtoximate the wean value of IRq’(k)l‘.aa tﬁ,e square.-toolt

of the mean square value. The mean square value of llq(k)l at a target

w
R it 2 B A ks

Pe‘k k-ljm'dnl s can be 'found from ‘eqn. (A~14) as f;)llow-:
IRq(UI2 - Rq(k)k *(k) | |
= |ak) |2 + v (eJ°°Q*<k) + e'jAeb(k)) + ”
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Hence:

E|Rq(k)|2 = EjQ(k) |2 + v4 , ‘ (A-21)
The expected values of the middle term is zero because Q(k) is a zero—ﬁean
complex normal variable (see discussion of eqn. (ArIO)'on p. A-5).
Furthermore, using eqn. (A-12): '

E|Q(K) |2 = 20,2 = C2(1420,/C)/1 ' | (A-22)
rinaliy combining eqns. (A-21) and (A-22) and uéing the definition of V2 in
(A-6b) gives: | ‘

:Elké(k)lz =202 = 62(1+zat/c)/1 + gp2/M2 . , ' (A~23)

Thus z[]nq(k)ll ~ W , |

- = /C2(1+20/C) /1 + (o/M)2 |
= ¢ /T, JC) I3+ (og/C)e/e  (A-26)

In terms of the parameters u and 8 this becomes:

E(IRg(K)|] = u ¥ — (148) (A-25)

The 3 approximations represented by (A-19), (Ar20) and (A-24, 25) ara
plotted in Pig. Ari. It 1is seen that the overall approximation given by

(A-24) and (A-25) is extremely good, being very close to the approximation

'(A-17,19) for values of B>l and to the approximation (A-18,20) for values

of 8<l. Therefore the approximation given by A~24 is used in the main body

of this report.

Bufetenceo fot Appendix A:

Arl Burdic, W.S., "Radar Signal Analysis” ' p. 261, Prentice-ﬁall Inc. -
Buglevood Cliffs, NJ 1968. '

A-2 yPnpoulis, A., 'Probability, Random Variables, and Stochastic

Processes”, First Edition, pp. 499-500, McGraw Hill Beok Company,
New York, 1965. , . :
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Fig. A~1 Approximations to the mean value of a target peak relative to
that of the clutter background pedestal in a range auto-correlation magni-
tude profile as a function of the normslized point-gcatterer target-to-
clutter ratio. The magnitude of the target peaks has a Ricean
distribution, that of the background pedestal is Rayleigh distributed.
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